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ABSTRACT
A study was made of the ionised and neutral particles 
sputtered from a range of mono- and poly-crystalline targets by an 
argon ion beam of energy 10 keV under high vacuum conditions.
A novel energy-mass analysis system with high angular 
resolution for ions of energy up to 500 eV, together with the 
ancillary mechanical and electrical equipment was designed. This 
was used to measure the angular and energy distributions of ions 
sputtered from mono- and poly-crystalline specimens in directions 
at right angles to the incident beam.
For polycrystalline targets a near cosine distribution 
was established for this geometry. The energy spectrum for most 
materials in the high energy regime was a function of (energy) n , 
with 1.2 < n < 1.5. The previously reported cusp structure in the 
spectra was verified and shown to depend upon the target structure 
and orientation.
By comparison with a randomly chosen direction some energy 
dependent processes apply to the Cu~*" ions from the <110> and <100> 
directions in copper targets. A characteristic energy of 56 ± 2 eV 
and 200 ± 20 eV can be associated with these two directions and which 
compares favourably with the simple and assisted focusing values of 
50 ± 10 eV and 300 ± 50 eV for copper previously measured for the 
sputtered neutral particles. The molecular ions Cu2+ and Cu3+ 
do not show such energy dependencies. Similar angular and energy 
measurements have been made for gold and germanium targets.
An electron bombardment ioniser was adapted to the 
apparatus and preliminary measurements on sputtered neutral atoms 
have been made. A novel method of suppressing most of the ions 
formed in the ambient gas was developed. A numerical fast Fourier 
transform method was used to deconvolute the measured spectrum.
The near-head-on collision theory of sputter spot formation 
was extended to include those atoms from the next-to-surface atomic 
layer and it was shown that these particles make a substantial 
contribution to the total sputtered.
CHAPTER 1
COLLISION PROCESSES IN SOLIDS 
1.1 Introduction
This work forms part of a recently begun integrated series 
of investigations of atomic collisions in solids. The overall aim of 
the experimental and theoretical work was to develop an understanding 
of the physical processes which are involved when particles strike 
a solid surface with sufficient energy to cause some of the target 
material to be ejected. Particular interest centred around heavy 
ions, within the energy range 1 keV to 20 keV, incident upon metals 
and diamond structured elemental and compound semiconductors.
As shown later, one of the very useful pieces of information 
to have about a sputtering system is the form of the energy distribution 
of the sputtered material. This particular investigation constitutes 
the initial stages of efforts to measure these energy spectra. The 
aims were:
a. to develop an experimental technique to permit 
measurements of the energy spectrum of the ionised 
components of the sputtered beam;
b. to attempt to relate the measured ionic emission for 
poly- and mono-crystalline targets to the neutral 
emission;
c. to investigate the adaption of the apparatus to the 
measurement of the energy spectra of the neutral 
emitted particles.
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Concurrently with these investigations detailed studies were 
proceeding on ejection patterns of semiconductors in terms of incident 
ion mass and energy, the annealing of ion bombardment induced 
radiation damage, computer simulation of the sputtering process, the 
scattering of incident ions from single crystal surfaces and gas 
desorption.
This chapter outlines the form of the thesis, and briefly 
describes the type of empirical data which have accumulated over the 
years and which need explanation.
The second chapter is an outline of previously used methods 
of making angular and energy measurements of neutral and ionised 
particles, while chapter 3 contains a summary of current theories of 
sputtering and ion formation. The near-head-on collision model for 
spot formation (Lehmann and Sigmund, 1966) is treated in some detail 
and shown to be of limited validity. The apparatus developed, 
together with an analysis of its operation comprises chapter 4.
The experimental results and the analysis of these are treated in 
the fifth chapter while in the last chapter (6) conclusions are 
drawn and further experiments suggested.
1.2 Interactions between energetic particles and solids
The processes by which an energetic ion gives up its energy 
to a solid are usually classed as elastic collisions with lattice 
atoms or inelastic collisions with bound electrons and valence 
electrons resulting in ionisation and excitation (for example,
Datz and Lutz, 1968; Thompson, 1969; Nelson, 1968; Chadderton, 1964). 
The struck lattice atoms can have sufficient energy transferred to 
them that they in turn generate secondary collision cascades,
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eventually resulting in permanent damage to the lattice or ejection 
of particles from the solid. The inelastic collisions can result in the 
emission of secondary electrons, generation of hole-electron pairs, 
and changes in the ionic charge of the incident particle.
A conventional picture of the penetration of an energetic 
particle in a solid is given in Chadderton's book (Chadderton, 1964, 
chapter 7) for the case of very energetic particles (-MeV) and again 
in Thompson's book (Thompson, 1969, chapters 4 and 5) in which lower 
energy particles are also treated. The total stopping power (the 
energy loss per unit path length) can be written as a sum of the 
losses due to interactions with electrons and nuclei and in the 
generation of Bremsstrahlung and Cerenkov radiation, such that
(_dE/ )
total
(-dE/dx) + (-dE/dx) + (-dE/dx>electronic nuclear radiation’
with the last term usually being relatively small. In the high energy 
regime the electronic losses dominate while at lower energies the 
nuclear losses are the most significant. A useful dividing line for 
discussion purposes occurs when a particle has energy in keV numerically 
equal to its mass in amu. (Thompson, 1969, pp 150.) If the energy is 
below this value the particles is in its neutral state most of the 
time (Datz and Lutz, 1968). This results from a consideration of the 
energy a particle must have to transfer enough energy to the least 
tightly bound electrons to liberate that electron, and is frequently 
expressed in terms of the speed of the particle relative to the 
orbital velocity of the electron. Further, up to this energy the 
particle is presumed to lose most of its kinetic energy by momentum
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transfer to the lattice atoms (nuclear stopping). Any atom within 
the solid which gains energy in collisions of this kind is also 
assumed to spend most of its time in the neutral state.
For energies higher than this value where the electronic 
stopping becomes significant the charge state of the particle will depend 
on the relative value of the charge loss and gain cross-section. In 
general the most probable charge state for a fast ion in a solid is 
higher than in a gas, and this is usually attributed to the higher 
collision frequency in the solid.
For the case of argon in copper, gold and germanium with 
mass numbers extending from 40 to 200 and maximum incident particle 
energy of 10 keV all collisions would be of the nuclear stopping 
dominant kind.
However, even for energies substantially less than the
dividing value, there is some energy lost from the particles via
interaction with conduction and valence electrons (Thompson, 1969,
pp 151; Lindhard and Thomsen, 1962; Ormrod and Duckworth, 1963).
%This loss component varies approximately as E . Extrapolating from
Ormrod and Duckworth's values for C+ in graphite using Lindhard and
Thomsen’s form of the mass and energy dependence allows order of
o
magnitude values for this loss in electron volts per A (and eV/lattice 
constant) to be determined. Table 1.1 lists the values for copper 
in copper and gold in gold at 1000 and 100 electron volts.
Table 1.1
If, on the average no more than one collision per lattice 
distance is assumed then significant amounts of energy are transferred 
from the heavy atoms to the electrons at these quite low energies, even 
though the nuclear stopping is many times larger than the electronic 
stopping and essentially determines the total energy loss.
1.21 Sputtering of neutral particles
The collision sequences which occur during irradiation can 
lead to some of the target material being ejected from the surface. 
Indeed, sputtering can be defined as target particle emission caused 
by ion or atom (or electron) bombardment.
Historically it has been usual to distinguish between target 
particle emission (i.e. sputtering) and reflection or scattering of 
the incident ions, "secondary” electron emission and the generation 
of photons. This separation of processes for convenience may not be 
desirable in the long term; Sigmund’s (1968) sputtering efficiency
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concept in which scattered (including emitted) energy as a function of 
incident energy is treated, without being concerned with the forms 
by which the energy does leave the target could prove to be highly 
significant.
However a complete, all embracing explanation for all the 
processes which occur when a solid surface is irradiated is not 
available and it still appears to be most profitable to consider 
sputtering as a separate process. Of course it cannot be considered 
entirely in isolation; other characteristics of bombardment, for 
example particle range, extent and type of lattice damage and the 
like will all have varying effects on the amount and distribution 
of the sputtered material.
Sputtering has been investigated in some detail since the 
first report by Grove (1852). Review articles outlining the early 
experimental and theoretical work include those of Compton and 
Langmuir (1930), and Wehner (1955). More recently Wolsky (1963), 
Behrisch (1964), Thompson (1969), Carter and Colligon (1968),
Arifov (1969), Nelson (1968) and MacDonald (1966, 1970) have treated 
many aspects of the sputtering process.
Interest was re-awakened in the deposition of metallic 
and dielectric films as an alternative to evaporation to produce 
electronic components and circuits by low energy sputtering 
(Seeman, 1965) and radio-frequency sputtering (Anderson, Mayer and 
Wehner, 1962). A wide range of other industrial applications has 
been investigated.
7It was the discovery by Wehner (1956) of preferred directions 
of ejection of the particles when the cathode consisted of a single 
crystal that was the first indication that sputtering could be used 
to investigate the structure of the target and the collision processes. 
Since then these ejection patterns have been intensively investigated.
Probably the most used parameter in discussing a sputtering 
combination of incident ion and target is the yield (S), which is 
conventionally defined as the number of target atoms liberated per 
incident ion. Yield studies have been conducted for a long while and 
a wide range of target-projectile-energy-temperature combinations 
have been measured (Arifov, p 246-248, 1969; Carter and Colligon, 
p 314-317, 1968). The yield has been found to depend upon, among 
other things, angle of incidence of projectile to the surface, mass 
ratio of projectile and target atoms, temperature, surface 
contamination and structure. This serves to highlight the difficulty 
associated with developing an explanation of the sputtering process 
which will account for these dependencies.
The parameter which has the most dramatic effect on the 
yield however for single crystal targets is the orientation of the 
incident beam to the major crystallographic directions. This is 
well illustrated in figure 1.1 taken from the work of 
Onderdelinden (1968).
In these experiments a well collimated beam of argon ions 
of energy 5, 10, 15, 20 and 30 keV was incident initially upon a (100) 
face of a copper single crystal (0 = 0). The crystal was rotated 
about one of the <110> axes so that the beam in turn was incident along
th
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the [100], [211] and [411] directions, and the total sputtering 
yield measured. The decreased yield when the beam impinged upon the 
crystal along these low index directions and the marked change in 
yield as a function of energy for the <411> direction were accounted 
for by assuming that that portion of the beam which was channelled 
produced no sputtering and that the sputtering was proportional to the 
energy deposited within a given distance by the non-channelled part 
of the beam.
{Channelling of particles within a lattice is a process by 
which particles travel relatively great distances (compared to a 
random array) through the crystal. Motion is constrained to within 
open channels between close packed rows of atoms, and the trajectories 
are steered by a succession of glancing collisions each of small energy 
loss. It was first observed in a computer simulation of Robinson 
and Oen (1963), although apparently predicted by Stark in 1912,
(Nelson, 1968, p 52) and suggested by Ogilvie (1959) and was 
experimentally verified by Piercy et al (1964), and Nelson and Thompson 
(1963), and since been widely used in ion implantation, range, 
radiation damage and the like studies (e.g. Dearnaley et al, 1968; 
Kleinfelder et al, 1968; Kornelsen and Sinha, 1968).}
Attempts had previously been made to account for these large 
penetration effects in terms of the crystal "transparency" (=
= number of <hkl> rows passing through unit area of an (hkl) plane, 
Robinson and Oen, 1963); a concept which was also used to account for 
the anisotropic yields reported by Rol et al (1959), Almen and Bruce 
(1961) (Magnuson and Carlston, 1963; Odinstov, 1963; Southern et al, 1963; 
Martynenko, 1965) and wherein only the first collision determined the 
yield. Similar variations in yield have been reported by Molchanov et 
al (1961), Fluit and Rol (1964), Mashkova et al (1964), Onderdelinden 
et al (1965) and Drentje (1967).
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In Onderdelinden's treatment the fraction of the incident 
beam which is not channelled is calculated from Lindhard's channelling 
theory (Lindhard, 1965), then the energy dissipated by this ’'random" 
beam within a characteristic length x q of a random lattice is 
determined and the yield assumed to be proportional to the product of 
these two quantities. The two adjustable parameters are selected to 
give agreement with the empirical yields. The agreement shown in 
figure 1.2 and 1.3, also taken from Onderdelinden (1968), is remarkably 
good for a range of projectile, target, energy and angle combinations.
Probably, however, the most significant quantity in under­
standing the collision processes within the crystal is the 
differential yield S (0), which can be defined as the number of 
particles sputtered into unit solid angle in a given direction (usually 
taken relative to the surface normal). For amorphous and polycrystalline 
specimens the differential yield is well behaved, showing a regular 
change with angle. The actual angular relationships have variously 
been reported as cosine, where the yield depends upon the cosine 
of the angle, under cosine (in which more material is ejected in the 
non-normal directions than in pure cosine), over cosine and gaussian.
For example, mercury ions 0.1 to 1 keV on metals - under cosine 
(Wehner and Rosenburg, 1960), 15 keV ions on copper - gaussian 
(Ramer et al, 1964; Rol et al, 1960), 10 keV argon on gold - under 
cosine (but approaching cosine for thin targets)(Patterson and 
Tomlin, 1962), while for silver targets cosine (4 keV neon ions,
Gr^nlund and Moore, 1960), over cosine (3-7 keV ions, Karmohapatro 
and Narasinham, 1963) and under cosine (3-7 keV argon ions,
Chiplonkar and Rane, 1965a) have all been observed. For gold 
Chilonkar and Rane (1965b) measured under cosine distributions for 
argon ion energy less than 5.2 keV, cosine for this value and over 
cosine for higher values.
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In all cases, however, the variation from a cosine distribution 
was not great and there is agreement on the general form of the 
angular distribution.
Nevertheless for single crystals the Wehner spots are 
frequently well developed and the angular distributions vary markedly.
The principal experimental work on these spots has been reviewed in 
the books by Carter and Calligon (1968), Nelson (1968) and Thompson 
(1969), and because the second chapter is concerned specifically with 
the techniques and results of experiments on these spots a brief 
outline only will be given here.
When metal single crystals (x) are bombarded normally by a 
well collimated ion beam (I) and the back sputtered particles collected 
on a glass disc (G) (as shown in figure 1.4) patterns similar to 
figure 1.5a, b are observed. Face centred cubic materials show 
preferential ejection in the <110>,<100> and <111> directions, with 
on occasions subsidiary emission in other specific directions.
Figure 1.5a shows four <110> spots from a single crystal of gold 
irradiated normal to a {100} face while 1.5b shows the three <110> 
spots at 35° to the normal of a {ill} face. The relative intensities 
of the spots depend upon the material of the target and the bombarding 
conditions. Figure 1.6, from Koedam (1960) illustrates the type of 
variation that occurs for copper single crystals as the energy is 
changed. Figure 1.5a and b are typical of gold and copper in the 
10 keV region. Body centred cubic crystals show ejection near the 
<111> , <100> and <110> directions sometimes with streaks parallel 
to {110} planes. Diamond structured materials germanium and silicon 
do not show preferential ejections until the target temperature is 
raised sufficiently to anneal the radiation induced damage (MacDonald, 
1970). Above the transition temperature, for example a germanium
F ig  1 .6
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{100} face gives rise to spots in the <111> direction and a square 
patterned background with sides parallel to the intersection of 
{100} planes and the surface. When a {ill} face is bombarded a 
hexagonal background develops if the temperature is sufficiently high.
Various mechanisms have been proposed to account for these 
spots. Silsbee (1957) suggested that below a particular energy 
succeeding collisions between atoms along a close packed row could 
result in the momentum vector becoming more nearly parallel to the 
row. This Silsbee (or simple) focusing is illustrated in 
figure 1.7a and b in which, in the hard sphere approximation, atoms
A and B each of radius R and distance D apart, have velocity vectors
making angle 0i (before the collision) and 02 (after the collision) 
with the line of centres.
For small angles (D - 2R)0j = -2R02 
and if A = t-02/^) = (D/2r " *)>
it will be > 1 and .*. 0i < 02, and hence divergent if D > 4R 
and <1 and 02 < 0i and Convergent of D< 4R.
tilBy the time the sequence has propogated to the n atom,
0 = (-A)n0 , and the collisions become effectively head-on. Simplen o
focused collisions have been investigated in some detail using more 
realistic interaction potential functions than the hard sphere 
model. (Deusing and Leibfried, 1965; Lehmann and Leibfried, 1961; 
Sigmund, 1965). It is apparent that for focusing to occur the 
effective atomic radius and the lattice spacing must be suitably 
inter-related. This implies that simple focusing can only occur 
if the particle energy is less than some critical value, the 
focusing energy E^, which for the hard sphere model with a Born-Mayer
Fig. 1.7. Simple Focusing.
Fig. 1.8. Assisted Focusing
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potential becomes
E^(h.s) = 2A exp (-Db/2)
where the interatomic potential V(r) = A exp (-rb).
For copper the Gibson et al (I960) and the Brinkman (1962) 
constants give E^110(h.s) = 67 and 40 eV respectively.
The more recent values of Abrahamson (1969), A = 1.39 keV 
and b = 3.56 A 1, result in the much higher value of E^llü = 290 eV.
The Sigmund (1965) expression:
hkl
for <110> copper with the Gibson potential gives 28 eV, while with the 
Abrahamson values gives 130 eV.
of a fee crystal Silsbee focusing does not occur (E^ - 4 eV for copper) , 
although spots are observed corresponding to ejection in this 
direction. Nelson and Thompson (1961) introduced the concept of 
"assisted focusing", wherein an atom in passing from one lattice 
site to the next in a <100> direction passes through a ring of atoms 
and is deflected sufficiently by this ring to cause the struck atom 
to travel more closely to the line of centres than the incident atom. 
Figure 1.8 schematically represents such a sequence. This type of 
focusing has also been treated by Weijsenfeld (1967), Dedericks and 
Leibfried (1962) and Frere (1963). Chapter 5 of Thompson's book (1969) 
contains an excellent summary of focusing.
The contribution made by computer simulation techniques to 
the understanding of focused collision sequences are treated in a
When a collision sequence is propagating in a <100> direction
later section.
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The use of focusing collision ideas to explain spot 
formation has not met with universal agreement. The observation of spot 
patterns from hexagonal and other non fee and bcc materials along 
crystallographic directions for which focusing seems unlikely 
(Perovic, 1962; Hasiguti et al, 1963; Nelson, 1963, 1966) together with 
the persistence of patterns in fee crystals down to very low 
bombarding energy (and therefore very small penetration depths,
Wehner, 1955a,1956; Kodeam, 1958, 1959, 1960) led to the need for 
other more sensitive parameters than the spacial distribution of the 
sputtered products to be measured.
It was suggested (Thompson, 1963; Beuscher and Kopitzki, 1965) 
that the energy distribution of the emitted particles should depend 
upon the collision mechanisms, and in particular that the focusing 
energies should be capable of being measured by sputtering techniques.
The energy distribution measurement methods and results form the 
essence of the next chapter.
The spot formation mechanism observed in the Harrison et 
al (1966) simulation calculations is treated with the other simulation 
computation results later in this chapter.
An explanation of a mechanism which accounts for ejection spots, 
due to Lehmann and Sigmund (1966), the near-head-on-collision model, 
has received wide support and several experiments (for example the 
III/V compound semiconductor ejection pattern of Agranovich et al,
1970; and the computer simulation of von Jan and Nelson, 1968) have 
been devised to investigate the process. This theory is treated in 
some detail in chapter 3, where the other relevant sputtering theories 
are also considered.
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When considering sputtering as a means of identifying 
collision mechanism within solids there are in essence two quite 
different classes of experiments which can be performed, each of which 
in turn can be subdivided into two further groups. The distinction 
between these is really self-evident, and yet does not seem to have 
been made deliberately, and nor have the consequences been considered 
(apart from an almost passing reference in Nelson’s book on pages 
206 and 262).
If the bombarded specimen is thin enough (in terms of the 
penetration depth of the collision sequences) then in addition to the 
more conventional backward sputtering, some material will be forward 
sputtered (in the same direction as the incident beam). Very little 
work has been performed on such a system. The only significant work 
is that of Thompson (Nelson and Thompson, 1961) where the forward 
sputtering of thin gold films by 0.3 MeV protons was investigated.
However, it would appear that tne collision sequences 
responsible for these two forms of sputtering may be quite different. 
For example Diehl et al (1968) have established that damage regions 
extend more deeply into copper and gold foil crystals than would be 
expected from a random slowing down process and this effect is probably 
due to a focuson type action. For a thin enough crystal some of the 
displaced particles in the damaged region would be forward sputtered. 
That is, forward sputtering presents a case where at least one of the 
collision mechanisms can be fairly confidently identified. The 
computer simulation work of Gibson et al (1960) and Erginsoy et al 
(1964) lend strong support to the propagation of energy ’’forward" into
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the crystal by focusing collisions. To date no detailed study of 
yields, mean energy, energy spectrum, particle distribution or the 
like has been made using forward sputtering. The difficulties 
associated with target preparation and handling should not be 
insurmountable.
In addition, if some reliance can be placed on the 
simulation work of Harrison et al (1968) , then some number of the 
back sputtered atoms are produced by direct or near direct collisions 
with the incident high energy ion (a situation that is not likely to 
occur with forward sputtering). That is, it is suggested that there 
may well be several distinct mechanisms associated with sputtering 
and a detailed study of forward sputtering should be performed.
There are in addition however two quite different kinds 
of experiments which can be performed for both types of sputtering. 
Again the distinction does not seem to have been made.
In the one case the yield, for example is studied as a 
function of the incident direction relative to the principal 
crystallographic axes. The experimental work of Onderdelinden (1968) 
is of this nature. In the other type of experiment quantities such 
as the differential yield (e.g. ejection patterns) are studied. That 
is, in the first instance the total sputtering is measured, without 
detailed analysis of say, the angular distribution of the sputtered 
particles. Thus while for example the channelling model can be 
used successfully for the total yield it does not at this stage 
lead to any predictions of the distribution in angle or energy of the
sputter products.
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Unfortunately back sputtering experiments have tended to 
be one of these types or the other, and the associated theories have 
been propounded the same way, with the result that while one set of 
experiments can be accounted for in some manner or another the other 
set are usually not even considered. In particular apart from the 
brief report by Elich and Roosendaal (1970), the channelling theory 
which seems to satisfy the total yield requirements does not give any 
lead to the intepretation of ejection patterns or the form of the 
energy distribution of the sputtered particles. By the same token 
Thompson’s collision cascade model while making it possible to 
predict the form of the energy distribution does not include 
variations produced by changes in the incidence conditions because it 
is based essentially on a random model concept.
Because the present investigations were of the second type 
and aimed at adding to the understanding of the ejection mechanisms, 
those experiments and theories which deal with anisotropy related 
to incidence need not be considered in detail further.
1.22 Emission of ions
While there have been relatively few investigations of the 
energy distribution of sputtered neutrals this can be understood in 
the light of the obvious difficulties inherent in such experiments.
The fact that there have been only a small number of observations 
of the sputtered ion energy spectrum is not readily understood, 
particularly when the many scattered (or reflected) ion experiments 
are considered. Even more surprising is the realisation that most 
sputtered ion emission experiments have been conducted almost in 
isolation without much attempt being made to relate them to the neutral
17
emission. Bradley (1959) did, unsuccessfully, attempt to measure both 
and Honig (1958) and Stanton (I960) tried to use the sputtered ions to 
determine the composition of the target material. More recently, 
Veksler (1970) and Jurela (1970) have related the energy spectra and 
yields respectively, of positive ions to their neutral counterparts.
It was the suspected inter-relation between the ion and 
neutral emission which formed the rationale of this investigation.
It was considered a reasonable initial assumption that 
irrespective of the particular process which gives rise to the 
ionisation of a proportion of the ejected atoms, those ions which are 
formed from the target as a result of a bombardment process should 
have some characteristics in common with (or even antithetic to) 
the neutral particles. That is whether the ions are formed from the 
neutrals within the solid emerging through an energy barrier at the 
surface, or whether the particles moving within the solid are 
largely ionised and most become neutral at the surface, or whether 
again some of the emergent ions exist as ions or excited atoms within 
the solid, it is not unreasonable to expect that the ion emission will 
in some way reflect the characteristics of the neutral emission. For 
example, for conditions under which the neutral emission is, say, a 
maximum,one would probably expect the ion emission likewise to be a 
maximum. And, most importantly, if the sputtered neutrals are 
influenced by a particular mechanism, such as focusing, which results 
in a characteristic form of the energy spectrum then in all probability 
the energy distribution of the ions should show a somewhat similar 
dependence.
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[Of course, if the ions are formed as a result of a process 
such as a relatively high energy binary inelastic collision between 
the incident ions and the individual target surface atoms {as the high 
energy excited atoms and ions observed by Datz and Snoek (1964) appear 
to have been) then these will bear little relationship to the 
neutrals. However, by measuring the emitted ions at right angles 
(± 1°) with respect to the incident beam, the maximum energy transferred 
from 10 keV argon ions to copper atoms by such a process is approximately 
1.5 eV, which is well below the observed maximum energy.]
The use of the sputtered ions to probe the form of the 
energy distribution of the neutrals does not seem to have been used 
previously.
A further reason for adopting a technique for measuring the 
energy spectrum of the ejected ions was that it could possibly be 
developed to the stage of being able to detect the neutral emission 
directly, which would have particular application in studying alloys 
and non-condensable products.
Measurements and theories relating to the scattering and 
secondary emission of incident ions have been reviewed by Kaminsky (1965), 
Arifov (1969), Carter and Calligon (1968) , Benninghoven (1969) and 
MacDonald (1970b). While many of the investigations reported include 
the sputtered ions relatively few attempts have been made to isolate 
their contribution to the measured ionic current.
The commonly used parameters, such as the secondary emission 
coefficient (which is the ratio of the total collected current to the 
total incident measured current, and therefore has electron emission 
currents, negative ions and the like contributing to both currents)
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and the reflection coefficient (which is the emitted ion current per 
unit incident ion current) are frequently of not much value when 
attempting to determine which mechanisms are significant in collision - 
emission processes.
-f +The sputtering ion yield K (or S ) can be defined 
(Schroeer, 1969) as
K+ = [M+]/[A+]
*4"  - } -where M is the number of sputtered ions and A is the number of 
incident ions.
~\~ “1"The apparent sputtering yield/Y = cK , where c is the 
concentration of a particular isotope in the sample under irradiation. 
K+ has been measured by Jurela (1970) for 15 elements bombarded by 
40 keV argon ions. [Beske (1967) measured the total positive ion 
emission from 27 elements by 12 keV argon ions.] This type of 
measurement implies that some form of mass separation is used in 
measuring the isotopic currents and further that all ions of this 
mass (with a given e/m) are measured irrespective of the energy with 
which they are ejected.
If the target surface has a contaminating layer this will 
tend to be sputtered first and ions representative of the impurities 
will be present in the sputtered beam, perhaps at the expense of the 
ions from the basic target material. However the situation is usually 
more complex than this. If the surface has a contaminating layer (such 
as an oxide coating) the sputtered ion yield of the target atoms is 
often appreciably higher than for a clean target. The work of Andersen 
(1969) which will be treated in more detail later implies that 
surface conditions and the ambient gas conditions need to be very 
carefully specified before quoting values of yield.
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*}■ -j-Bradley (1959) on the other hand reports Mo , Ta and Pt 
from a system with an ambient gas pressure of 1 x 10 10 Torr after a 
bake-out at 420°C, rising to partial pressures of CO and CO2 (the 
principal impurities) of 1 x 10 8 and 7 x 10 10 Torr respectively with 
the mass spectrometer operating, and 2 to 4 x 10 5 Torr of inert gas 
when the ion source was running. Typically, by far the largest component 
shown in the mass sweep (Bradley’s figure 10) the Mo+ peak, increased by 
a factor of three when the oxides were removed from the target surface.
Stanton (1960) investigating targets of polycrystalline 
stainless steel, brass, lead, tin and beryllium, under positive ion 
bombardment from the rare gases helium through xenon, and the active 
gases N 2 , O2 and CO, with an ambient pressure of 5 x 10 7 Torr, rising 
to <10 5 Torr with the ion source operating (but with beam current of 
5 x 10 8 amp compared to Bradley's lpA) reported for lead for example 
positive ion yields of mass 208 proportional to the incident current, 
and largely independent of the mass of the bombarding ion. Even the 
Be+ yield did not change substantially when active gas ions were used 
in place of inert gas ions.
However, Bradley and Ruedl (1962) using the apparatus of
Bradley (1959) found that the highest yield of positive ions, apart
“I"from that of the bombarding gas argon, was due to Cu 63 from a copper
single crystal which had been chemically cleaned and given no heat
treatment than "the usual 420°C vacuum bake-out". For the same surface
after repeated cycles of argon ion bombardment and vacuum annealing at 
o650 C no Cu ions were detected under argon or nitrogen ion bombardment, 
-f-The yield of Cu rose to about 50% higher than that from the original 
surface when oxygen ions were used; this also produced a twenty times
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increase above the original CuO+ emission. These works were limited 
to incident energies of about 1 keV. Stanton also included several 
energy analyses as well as yield studies.
More recently Jurela and Perovic (1968) measured the yield 
and energy distribution for positive ions ejected from polycrystalline 
metal targets by heavy ions in the keV energy region. While their 
work is treated in more detail later, the salient features were the 
shape of the high energy region [f (E) ^ K/E1*3] and the appearance 
of the cusps in many of the curves.
While discussion of energy distribution measurement techniques 
and ionisation processes are left until chapters 2 and 3 respectively, 
it is quite apparent from the structure within the curves of Jurela 
and Perovic, and the variation in yield measurements that two conditions 
need to be met. Firstly some form of e/m discrimination is essential 
in identifying the particular ions being measured, and secondly the 
surface conditions of the target need to be specified.
Andersen (1969) postulated that sputtered ion production is 
a function of surface chemistry and that the final level of Al+ ion 
output reached under argon ion bombardment of an aluminium target was 
to be interpreted to represent a dynamic equilibrium between the arrival 
rate of the bombarding ions and the arrival rate of the reactive gas 
molecules from the ambient gas present in the system. He observed a 
decrease in the number of sputtered ions by reducing the ambient 
pressure near the sample by a liquid nitrogen cooled plate, and also 
by increasing the bombarding current density. However, in order to 
achieve a stable surface condition to enhance ion emission by the 
presence of a reactive gas he found it necessary for the rate of 
arrival of the active gas to exceed the bombarding current by a
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factor of at least ten. The effect of having the bombarding current 
this same factor higher than the rate of arrival of the ambient gas 
is not considered specifically, but he does state that (for inert 
gas bombardment) "only after the sample is very clean and the 
bombarding ion arrival rate exceeds that of the ambient gas molecules 
by a large factor will an increase in sputtered ion current be 
attendant to an increase in bombarding ion current". He does suggest 
that the ion yield under bombardment from electro-negative gases can 
probably be adequately interpreted in terms of the sputtered atom yield.
An alternative to the ambient gas as a source of error in 
the ion yield is the chemical purity of the bombarding gas. On 
Andersens values, 2% oxygen in argon would double the ion yield.
However, gas purity is not a consideration in the results of Jurela 
and Perovic (1968) who mass analysed the incident beam prior to 
bombardment.
Similarly Jurela (1970) under reasonable vacuum conditions 
of 1 x 10 6 Torr and quite high incident current densities (lOOyA cm 2) 
measured substantial sputtered ion currents. There is thus some conflict 
between the results of Bradley and Ruedl and Andersen on the one hand 
and Jurela and Perovic on the other.
It is suggested later that the residual ionisation which 
occurs under high current densities and after the target surface has 
stabilised (60 minutes allowed by Jurela) is probably determined by 
bulk crystal effects and that the yields measured by Jurela (1970) 
are representative of the crystal rather than its surface state.
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Apart from the low energy region the work done by Adylov et 
al (1970) on the emission of Mo+ ions from polycrystalline molybdenum 
is in good agreement with the energy spectrum work of Jurela and Perovic 
and this investigation.
Very few measurements have been performed on ions sputtered 
from single crystals. Bradley and Ruedl’s single crystal target was not 
purposefully aligned. Hennequin (1968) has reported ion emission from 
mono- and poly-crystalline targets.
Quite recently Bukhanov et al (1970) have reported angular 
and energy distributions of ions from a copper single crystal which are 
in broad agreement with this work.
The results of Perovic and Jurela (1968), Adylov et al (1970) 
and Bukhanov et al (1970) are treated in chapter 2 and are compared with 
this investigation in chapter 5, wherein it is shown that characteristic 
energies of very similar values to the measured focusing energies of the 
copper lattice can be extracted from the measured ion energy spectra.
1.23 Computer simulation
Some appreciable understanding of collision mechanisms in 
solids has come from the technique of setting up a mathematical model 
of a crystalline arrangement with suitable interaction potentials and 
boundary conditions and calculating the effects produced by introducing 
an energetic projectile or imparting momentum to a particular atom.
Usually quantities such as the forces acting on a single particle due 
to the influence of all the other particles is computed and this force 
(or one derived from it) is assumed to act for a given short time interval.
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This permits the position and the momentum of the particle to be 
calculated at the end of this time. The calculation is then repeated 
for all particles making up the crystallite. The procedure is continued 
for a series of time steps giving the positions and momenta of all particles 
throughout their path length. Many techniques have been developed to 
minimise computing time and storage requirements and to ensure that the 
most appropriate mathematic methods are used. In addition it is 
customary to keep a check upon the effect of the deficiencies of the 
model, often by continually summing the total energy of all particles 
and verifying that it is constant.
From such simulations particle trajectories can be traced 
throughout a set of collision sequences leading to range and 
straggling determinations and the energy distributions of the atoms 
within and without the solid.
Most of this work has been reviewed in the books of Carter 
and Colligon (1968) and Thompson (1969), the thesis of Schlaug (1965) 
and the article of MacDonald (1970b). In particular the range 
calculation in random structures (Oen et al, 1963), and the lattice 
model (Robinson and Oen, 1963 a,b) are well treated in the former book 
on page 131 et seq, while the classic work of Gibson et al (I960) 
and that of Beeler and Besco (1963) on radiation damage begins on 
page 262. The yield computations of Magnuson and Carlston (1963), 
based upon a transparency model follow from page 341.
While the deficiencies of the simulation approach are many 
(such as the choice of the interatomic potentials, difficulty of 
building thermal motion and defects into the lattice, energy loss 
mechanisms, assumption of binary encounters, binding energy and the 
like) several notable successes have been achieved.
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Channelling was discovered by Oen and Robinson (1963) and 
a typical plot of the projection of some particle trajectories taken 
from their paper is shown in figure 1.9 and 1.10. The confinement of 
the energetic particles to the regions between atomic rows is quite 
evident.
Focused collision sequences, both replacement and non­
replacement have been observed to propagate, together with the generation 
of damaged regions in the form of vacancies. Characteristic of these 
effects is the variety of <111> type sequences, replacement and non­
replacement with two vacancies created at 0 and B shown in figure 1.11 
(after Erginsoy et al, 1964). Similar effects have been shown for face 
centred cubic copper (figure 1.12, from Gibson et al, I960). From this 
latter work evaluation of focusing, displacement and lattice site 
energies has followed. Thompson (1969,pl93) has commented that at 
least one of the computed values (the mean displacement energy) was 
in fact assumed in the setting up of the model and the retrieval of 
this should not be unexpected.
One of the really significant results of these calculations 
is the weight they add to the evidence for focusing collisions. (In 
fact some of the diagrams produced are so convincing and compelling that 
one is left wondering if the results are due to or in spite of the 
admitted deficiencies of the models used.)
Computer calculations of ions scattering from solid surfaces 
due to Yurasova et al (1968), and Pryde et al (1970) have been published, 
while very useful numerical evaluations of classical scattering 
integrals for a range of potentials have been tabulated by 
Robinson (1963, 1970).
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In addition there have been several attempts to simulate 
sputtering experiments. Schlaug (1965) was able to determine sputtering 
thresholds and yields, while the generation of ejection patterns by 
machine calculations have been performed by Harrison et al (1966, 1968) 
and Ostry and MacDonald (1970). Schlaug's treatment did not allow 
meaningful trajectory and energy calculations while the most recent, 
due to Ostry has only been described briefly, and then only in relation 
to diamond structured materials. The results which have provoked 
considerable comment were those of Harrison et al (1966, 1968).
In particular the correspondence between Robinson and 
Harrison (Robinson, 1969; Harrison, 1969) serve to underline the 
difficulties associated with computations of this kind. The argon- 
copper interatomic potential chosen may have been sufficiently hard to 
restrict to the surface layers all interactions which resulted in 
sputtering. Harrison, however, maintains (Harrison, 1969), that the 
form of the ejection pattern and the mechanisms involved are not 
strongly influenced by this potential.
Two things in particular do stand out in Harrison's work. 
Firstly, even if one concedes that the argon-copper potential were much 
too strong (and therefore is not really representative of an argon ion 
impacting on to a copper crystal) at least the simulation shows that 
spot patterns can be produced without focusing being necessary. That 
is spot patterns can arise from surface collision only. (Of course, 
because of the choice of the potential function it still does not tell 
much about whether for copper the spots are only a surface collision 
effect).
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Secondly, the mechanisms observed which give rise to the 
sputtered particles are rather different to those usually considered 
(although the "mole, squeeze and scoop" mechanisms appear very similar 
to the two-collision processes of Langberg's (1958) theory for low 
energy, near threshold sputtering, even though this theory in its 
original form is probably limited to incident energies of two to 
three times the threshold). Thus while Harrison’s results involve 
essentially surface interactions they are not readily identifiable with 
the Lehmann and Sigmund (1966) model for sputtering and therefore this 
simulation should not be taken as evidence in favour of that model.
Of course, as Robinson pointed out the potential chosen may be sufficient 
to restrict all collisions which result in sputtering to the surface 
layers and therefore only surface effects could be observed, and any 
conclusions about sputtering mechanisms need to be evaluated carefully.
However, at the worst, while Harrison’s et al work may not 
refer to any physically realisable combination of projectile and 
target atoms, it does show that spot patterns can be generated from 
essentially surface collisions by the mole, scoop etc processes, without 
the need for focusing or head-on collisions.
Most certainly the computer simulation of sputtering should 
be continued as more representative interatomic potentials and larger 
and faster machines become available, with the possibility of defect 
structures and thermal motion being included in the models.
1.24 Related processes
Sputtering in the keV region is somewhat inefficient from an 
energy point of view. For example when 10 keV argon ions are incident 
normal to a copper surface on the average only about 2% of the energy
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is carried off by the sputtered particles. The remainder of the energy 
appears as, among other things, scattered incident ions (and neutrals), 
electron emission, the generation of lattice damage and thermal effects. 
It is quite likely that each of these processes would in turn be 
related to or affect the sputtering. In particular the emission 
of target particles can be substantially modified by the damage 
associated with the surface. In like manner the distance that particles 
penetrate into the lattice will also effect the number of sputtered 
particles. Thus it is a common observation that for a given ion/target 
combination, beyond a certain incident energy the sputtering yield 
remains almost constant (S = 5 ± 1.5 for argon on copper from 1 keV to 
4 x 105 eV, Southern et al, 1963; Almen and Bruce, 1961; Dupp and 
Scharmann, 1966).
Ion bombardment can also change the orientation of the
crystal lattice near the surface. Single crystal gold films have been
converted into a polycrystalline structure when irradiated by 12 keV
argon ions (Trillat, 1956). Silver, when bombarded by argon ions up
oto 4 keV also becomes covered with crystallites of side about 100 A 
(Ogilvie and Ridge, 1959). These effects do not appear to have been 
studied in detail. The form of the ejection patterns from germanium 
and silicon single crystals and their variation with temperature support 
the idea of radiation induced damage being annealed out at elevated 
temperatures (MacDonald, 1970).
Absorption and burial of the energetic incident ions, impurity 
concentration, and deviation of the surface structure from that of the 
bulk material, such as shown by low energy electron diffraction 
(Lander and Morrison, 1963), will also effect the sputtering processes.
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The scattering of the incident ions from the solid surface 
has been studied in some detail and offers a wide range of experiments. 
Recent publications have been reviewed by MacDonald (1970). Possibly 
as far as sputtering is concerned the most significant work is that of 
Veksler (1962a, b, 1963, 1965) where a molybdenum surface was bombarded 
with low energy (10 to 260 eV) alkali metal ions. The peak of the 
scattered energy could be accounted for by assuming that the inter­
actions were not binary but many-bodied. For the higher energies 
the elastic scattering appeared to result from collisions with four 
target atoms, while at the lowest energy the scattering was effectively 
from the crystal as a whole. The implications for sputtering which 
involves such a large number of low energy collisions need to be 
considered further. This work could well be repeated with different 
projectile and target atoms.
At much higher energies the van der Weg and Biermann (1969) 
model which fairly successfully describes the angular distribution 
of singly and multiply charged states of the incident ions and also 
the inelastic energy loss, gives some insight into the role played 
by the ensemble of atoms of the crystal in the ionisation and 
neutralisation processes.
CHAPTER 2
ANGULAR AND ENERGY DISTRIBUTIONS 
2.1 Introduction
Angular and energy distributions of sputtered atoms provide
the basic information required for an understanding of the collision
processes which lead to target particle ejection. In general two types
of material have been considered from a theoretical view point -
random atomic arrangement, representing amorphous structures and,
single crystals. It is usually assumed that polycrystalline specimens
behave as though they are without significant long range order and that
they can be treated as though amorphous. This is justified in the case
of the diamond structured semiconductors germanium and silicon because
owhen these are bombarded,initially small disordered zones (-50A) are 
formed which eventually increase in number till they overlap and the 
entire irradiated region degenerates into an amorphous surface phase 
(Mazy et al, 1966, 1968; Nelson and Mazy, 1968). This present work 
lends support to the suggestion that for metals like copper polycrystalline 
and amorphous results are different.
Furthermore most sputtering distributions studied have been 
limited to materials which can be condensed on to solid surfaces for 
measurement purposes; this permits integration over quite long 
irradiation times. While this technique is excellent for pure metals, 
it has disadvantages for alloys in that it restricts the type of 
read-out of the final deposit from the more convenient optical, 
resistive, or autoradiographic to x-ray fluoresence or similar. In 
addition of course it is not applicable to most ionic compounds where 
some of the sputtered components are not condensable.
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In typical angular distribution experiments, for poly­
crystalline targets the sputtered distribution is measured as a 
function of incident particle mass and energy, angles of incidents and 
emergence relative to the (macroscopic) surface and target temperature, 
while for single crystals there are the additional variables of the 
crystallographic orientation of the specimen.
Energy (or velocity) measurements have been of two types; 
those in which the average velocity of the particles are determined 
(usually calorimetric or magnitude of forces techniques) and those 
which result in the velocity distribution.
This chapter is concerned with those sputtering angular and 
energy distribution experimental techniques and results which are 
directly related to identifying the ejection mechanisms.
2.2 Ejection patterns
The most frequently used method of collecting the sputtered 
material has been illustrated in figure 1.4 which shows a flat glass 
plate as the collector. The distortion in the angular distribution 
measured from such flat deposits can be corrected (Schultz and 
Sizmann, 1968) or alternatively spherical or cylindrical collectors 
used. Methods of measuring the thickness of the films include 
optical transmission (Weijsenfeld, 1967), autoradiography (Nelson and 
Thompson, 1961) and electron microprobe techniques. For some 
materials, such as zinc the optical transmission method is suspect 
due to changes which occur in the nature of the deposit on exposure 
to air (Hofer and Sizmann, 1969). In addition the temperature of the 
collector has to be low enough for the sticking coefficient to be 
close to unity. Liquid nitrogen cooling has to be used for some 
materials (Hofer and Sizmann, 1969).
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Given these precautions there is fairly general agreement 
that for single crystal targets spots appear in directions corresponding 
to the close packed rows when bombarded by inert gas ions in the keV 
energy region. For face centre cubic specimens there are three 
preferred directions, <110>, <100> and <111> with some dependence on 
the target material. In the case of gold the <100> and <111> spots 
are very weak, whereas in copper the density of the <100> spot is only 
slightly below that of the <110> . Some <114> spots have been 
observed, as have some very low angle spots (Thompson, 1959; Yurasova 
et al, 1959; Thompson and Nelson, 1961, 1962a, b; Perovic, 1961;
Southern et al, 1963; van Veen and Fluit, 1969).
Body centre cubic crystals on the other hand produce much 
more detail in the ejection patterns. The same directions are involved,
<111> , <100> and <110> , but the intensity order is reversed, with 
the more intense <111> and <100> spots being circular while the <110> 
tend to be elliptical. Faint streaks sometimes occur parallel to the 
(llO} planes, while the <100> spots can become a cross and the <111> 
spots a three armed star (Nelson, 1963).
The coarse features of these patterns are consistent with 
either simple or assisted focusing, and have been the principal reason 
for the focuson explanation of preferential sputtering.
Zinc crystals which have a hexagonal close packed structure 
exhibit spots corresponding to expected focused emission, for example, 
in the <0001> direction, but in addition <2023> spots. These latter spots 
have not been satisfactorily accounted for either by a focusing model 
or any other kind. The presence of these spots, as well as those 
produced by very low energy incident particles caused the origin of the 
spots in all patterns to be re-investigated.
The consensus appears to be still in favour of at least 
some contribution to the ejection patterns by focusing mechanisms.
Some substantial variation in pattern can occur as the 
bombarding energy is reduced, as shown by the low energy results of 
Kodeam (1960) and illustrated in figure 1.6. Suitable explanations 
for these are still needed. In addition the patterns can be affected 
by the temperature of the target. For the diamond structured semi­
conductors, germanium and silicon, for example the radiation damage 
produced by the incident beam is sufficient to destroy any fine detail 
in the ejection patterns. When however the temperature is maintained 
above a quite sharply defined transition value during the bombardment 
quite dramatic changes occur in the patterns. In some cases spots 
appear, and what is often called the "background sputtering" of 
other materials and usually has circular symmetry, takes on quite 
regular square and hexagonal shapes. This leads to estimates of 
annealing mechanisms and activation energies (MacDonald, 1970). The 
very narrow temperature range over which the ordered sputter pattern 
becomes visible is suggestive of a definite change of phase of the 
target.
In materials the spot pattern of which is well developed 
at room temperature, an increase in target temperature results in some 
loss in detail. The spot size increases with temperature (Nelson et al, 
1962; Yurasova and Bukhanov, 1962) and typical intensity profiles are 
shown in figure 2.1a (after Nelson et al, 1962). These are densitometer 
traces of autoradiographs of gold deposits from a single crystal 
sputtered by 43 keV argon ions at the temperatures shown. They have 
not been transformed from the flat plate to equivalent spherical 
collector intensities. While it is reasonable to expect that with 
increased temperature the spot pattern will be less well defined,
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independent of the processes which give rise to the spots, the 
broadening of these <110> spots for gold is in excellent agreement 
with the predicted thermal defocusing of a focused collision sequence 
(Nelson et al, 1962) and lends strong support to the focuson theory 
of preferred ejection (Chapman and Kelly, 1967). A comparison between 
the measured spot width and the calculated values based upon focused 
collision sequences is shown in figure 2.1b.
If the thermal spike associated with the passage of a 
high energy particle in the solid (Seitz and Kohler, 1956) occurs 
at the surface of the crystal some atomic ejection can arise from 
an evaporation process. This type of emission will be enhanced by 
increasing the temperature of the target. A stage can be reached 
where the evaporation component exceeds that induced by the 
collisions. Nelson (1965) showed that the measured increase in 
sputtering yield with temperature for xenon bombarded metals (copper, 
zinc) agreed well with the predictions of the thermal spike theory, 
thus tending to confirm that some of the low energy sputtered 
material does arise by such a process.
There does not seem to have been any attempts to collect 
ejection patterns of the ionised components of the emission. Thompson 
and Nelson (1961) in their forward sputtering experiments on thin 
gold foils by 0.3 to 0.6 MeV protons, did however apply a retarding 
potential of 120V between the target and the collector. This had a 
pronounced affect on the separation between the <110> spots. The 
experiment does not appear to have been repeated and no satisfactory 
explanation is available. Because the energy of the sputtered 
particles is not known, it is not possible to determine whether the
35
120V were sufficient to suppress the ion emission, or merely to increase 
its divergence. The proportion of ionised material may be much higher 
in experiments with such small mass high energy particles.
2.3 Energy measurement
Two broad categories of energy measurement have been used; 
in the one the mean energy, or mean velocity of the sputter products 
has been determined,mainly by measuring parameters such as the force 
arising from particles leaving or arriving at a surface, and in the 
other the distribution of energy of the particles is observed. In 
some cases the energy measurements have been made with high angular 
resolution, so that specific angular relationships between crystal 
and spectrum can be established, and in others little attempt has 
been made to restrict or even adequately define the direction of the 
detected particles.
2.31 Neutral emission
Because most of the sputtered particles are neutral most 
interest centres on the energy relationships of these particles. It 
is easier to measure the mean energy of the total emission rather than 
the contribution of the neutral and ionised components separately. In 
fact the mean energy of the ions is not readily determined directly 
although the distribution in energy of the ions is much more readily 
found than that for the neutrals.
2.311 Total mean energy techniques and results
Some of the earliest reports of sputtering energy 
measurements were those of Mayer (1933) and Sporn (1939) who estimated 
from the thickness of the observed radiation layer near the target
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surface and the mean lifetime of the excited atomic states when 
magnesium was bombarded by oxygen, that the mean energy of sputtered 
lithium, sodium and magnesium corresponded to 4.5 to 7 eV, independent 
of the 0+ energy of 400 to 4000 eV.
Most other methods which measure average velocity or energy 
rely on measurements of force, temperature rise or the like. These 
methods tend to be subject to the possibility of significant errors 
because they usually respond not only to the sputtered neutrals but 
also reflected ions, resputtered implanted ions and sputtered negative 
ions some components of which can make disproportionately large 
contributions to the measured parameter.
Typical of these methods are the two used by Wehner. In 
the first (Wehner, 1959; using the technique of Paul and Wessel, 1948) 
sputtered atoms were allowed to impinge on the bottom of a plate 
supported by a beam balance. Under the influence of the depositing 
particles the plate rose slightly only to slowly settle back due to 
the increased mass collected by the plate. If 1*1 is the mass per 
second arriving at the plate, the impulse force«!! v (v = mean upward 
velocity). After time t the increase in gravitational force (M t g) 
will be equal to this force, at which point v = t g, so that a 
measurement of t, allows v to be determined without M being known. In 
the second method (Wehner, 1960) the vane of a torsion balance was 
used as the target, the deflection of which was used to measure the 
average ejection velocities of a large number of metals. Typical values 
from the bombardment of copper, silver and gold by 100 eV mercury ions, 
were 3, 5.4 and 5.9 eV. These values were much too high for the 
sputtering process to be an evaporation effect and were conclusive 
evidence against such theories. Wehner used incident ion energies 
from 100 to 900 eV.
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Weijsenfeld (1967) measured the temperature rise produced 
in a small thermocouple to get the mean energy. His results while 
higher than those of Wehner, were of similar magnitude.
Kopitzki and Stier (1961, 1962) measured the mean kinetic 
energy of many target materials bombarded with noble gas ions with 
energy of 20 to 60 keV, and were able to relate the sputtering yield 
to their mean sputtered energy. Their values of energy were much 
higher than those of Wehner. This could not be attributed entirely 
to the higher incident energy because they observed that for normal 
incidence the mean energy was not strongly dependent upon the 
bombarding energy.
They later (Kopitzki and Stier, 1963) conducted similar 
experiments with copper monocrystals and observed that the mean 
values of energy were smaller for the more densely packed crystal 
directions CE<^o><'^< 100><^< 111 ^or xenon i°n bombardment on a
Cu{l00} plane.
Ben’yaminovich and Veksler (1963) pointed out that 
Kopitzki and StierTs results included the contribution of the scattered 
ions and that this would inflate the measured energies. Their own 
results (based upon a mercury arc sputtering arrangements similar to 
Wehner’s) showed energies in the 10 to 20 eV region.
A rotating velocity selector method was used by Beuscher 
and Kopitzki (1965) who found a mean energy of 16 eV for polycrystalline 
gold sputtered by 25 keV argon ions. This is substantially less than 
that reported earlier by Kopitzki and Stier.
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Smith et a.1 (1963) used a mass spectrometer to detect the 
sputtered copper beam and concluded from the shift in the position 
of the mass 65 peak that the mean particle energy was 9 eV. Benninghoven 
(1965) also used a mass spectrometer to post-ionise aluminium atoms 
sputtered by low energy mercury ions and used the mass 27 peak shape 
to get the average energy. He calculated 10 eV for 200 eV incident 
ions.
Almen and Bruce (1962) with a calorimeter measurement found 
an average ejection energy of 28 eV for copper particles sputtered by 
45 keV krypton ions. Oechsner and Reichert (1966) using a method 
in which the sputtered atoms are first ionised in a high electron 
temperature radio frequency plasma, then the energy distribution 
analysed by a retarding field method, found mean energies of 2.7,
3.2 and 4 eV for copper, nickel and aluminium respectively for 
incident 900 eV argon ions.
2.312 Energy distributions
Since the first successful determination of part of the 
energy spectrum of sputtered neutral particles made by Thompson (1961, 
1962, 1963) and Thompson and Nelson (1962) using a mechanical velocity 
selector, other methods have been developed.
In one group of experiments the particle time of flight 
down a drift space, to produce the energy dispersion, has been used 
with a variety of detector systems. Other experiments have relied 
on ionising the sputtered materials and the use of electrical and 
magnetic methods of measuring the energy distribution of the ions.
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2.3121 Time of flight techniques
2.31211 Excitation and optical detection
Stuart and Wehner (1964), using a time of flight technique 
described by Stuart et al (1963) made a detailed investigation of the 
energy distribution from poly- and mono-crystalline copper under low 
energy bombardment (up to 1200 eV) from mercury and noble gas ions.
The paper of Stuart et al (1969) includes energy spectra for a wide 
range of materials as well as an appendix which shows how the velocity 
and energy distributions of the previous publications were obtained from 
the time of flight data. This appendix is quite important in that it 
answers the most commonly levelled criticism of these results (e.g. 
Nelson, 1969, page 28). In addition Veksler (1970) has been able to 
fit his predicted energy spectrum very well to some of these results.
In this method (Stuart et al, 1963) a target in a low 
pressure d.c. plasma is pulsed to a fixed negative voltage for 
ly sec so that atoms are sputtered from the target as a coherent 
group. At a later, variable time (0 to 300y sec) photons emitted by 
the sputtered atoms in an observation volume (length 0.6 cm) a known 
distance (6 cm) away from the target are counted for a ly sec interval.
A monochromator is used to select an optical line characteristic of 
the target atoms. The time distribution thus obtained is then converted 
to a velocity distribution of sputtered atoms. Because it is a plasma 
method only sputtering for normally incident ions can be reliably 
observed.
The technique does not depend upon the assumption that the 
atoms are ejected in an excited state. Rather it is assumed that any
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such particles will have decayed to the ground state by the time they 
fly the 6 cm and reach the observation window7. Instead the ground 
state atoms are assumed to be excited while in the observation volume.
The excited lifetimes are very short compared to the (time) length of 
the observation window so that the number of photons counted is 
proportional to the time particles of a particular velocity group 
spent in the viewing chamber.
If 6t is the time interval of observation, occurring at 
time t after the target is pulsed, 6x the length of the observation 
window located distance L from the front of the target, then particles 
of velocity v (v6t>6x) can be divided into three groups.
1. Particles not in 6x at time t, but somewhere within 
6x at time t + 6t.
2. Particles which pass entirely through 6x during 6t.
3. Particles within 6x at time t, but out of 6x at time 
t + 6t.
The particles of each group spend a certain fraction of the 
time interval 6t within 6x, and the total number of counts 6N in time 
6t will be the sum of these three components.
Stuart et al (1969) further assumed that the velocity 
density of all three groups of particles measured during a particular 
6t was the same; a not unreasonable assumption as long as 6t«t, and 
there are no sharp discontinuities in the velocity spectrum. Additionally 
inherent in the treatment is the assumption that the probability of 
excitation of the atoms within the plasma is not strongly dependent 
upon the velocity of the atoms; again, for the energies involved this 
is justifiable.
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The apparent time density is 6N/6t, and the velocity density 
p(v) = k t (oN/6t) and the energy density N(E) = c t2 (6N/St), where 
c, k are constants.
In a different context, Stuart et al point out that for 
t = 11 ysec (i.e. 10 eV, Cu) and 6t = 1 ysec, atoms of energy 7.5 
to 13.2 eV will be counted. Hence the energy resolution in this part 
of the spectrum is not good. Essentially the same energy distributions 
were also obtained when the energy resolution was effectively doubled 
when the gate and target pulses were reduced from 1 to 0.5 ysec 
(Stuart et al, 1963).
However, at 30 eV the flight time is reduced to 6 ysec, which 
makes the uncertainty in energy about 70%, so that the energy window 
extends from 22 to 43 eV. Thus not only is the energy resolution not 
good with such a combination of path length and pulse time but also 
the maximum measurable energy is quite limited. Further, with a 
maximum count rate of only one photon per fifteen gate openings 
(Stuart et al, 1969) the system sensitivity is probably insufficient 
to reliably probe into higher energies.
These energies and energy resolutions make it quite unlikely 
that any effect due to focused collision sequences would be detected.
The use of the d.c. plasma as the source of the projectile 
ions tends to put a low upper limit on the maximum bombarding energy, 
as well as restricting the particles to near normal incidence.
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2.31212 Rotating condenser
The most elegant and successful method of measuring the 
energy spectrum of condensable sputtered atoms is due to Thompson 
(Thompson, 1963; Thompson et al, 1968). This is also a time of flight 
method with the considerable advantage that the detection system is 
nearly absolute. Figure 2.2 is a schematic arrangement of the apparatus. 
The incident ion beam, focused to a spot of 1 mm could be deflected 
(by an electrical pusle) so that, it struck the target for a short 
time. The atoms sputtered from the target drifted down a tube 
(L = 50 cm) to a narrow (0.6 mm) collimator. Mounted behind the 
collimator was a magnetically suspended and driven rotor on which the 
sputtered atoms were collected.
The pulse generator which initiated the burst of sputtered 
atoms was synchronised to the rotor position by light flashes (lasting 
about 1% of a revolution) reflected from a flat ground on the rotor 
shaft. Those atoms which passed through the collimator arrived at the 
rim of the rotor at a position depending upon the time interval between 
the light pulse and their arrival.
The distance x from the start position on the rotor, 
diameter D, speed f rev/sec, of a particle of speed v is
x = ttD f (L/t) .
For copper atoms of energy E (eV) the flight time t (ysec) is 
given by
t2 = 9.4 x IOV e .
For reasonable maximum energy and energy resolution, rotor 
speeds of about 2,500 revolutions per second are necessary.
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Because a total of only about 1012 atoms were collected 
on the rotor, to get sufficient sensitivity an autoradiographic read­
out based upon a radioactive target (~1 Ci) was used. The density 
of the developed film was measured by a microphotometer, with an 
overall error of 5% claimed for p(t)dt, the relative number of atoms 
with flight times between t and t + dt.
The energy density p(E) is related to the time density p(t) 
such that p(E) = -(t3/ML2) p(t).
The angular resolution was quite high; 0.05° along the 
direction of rotation and -1° across the rotor.
Since p(E) is usually a function of E, often of the form 
p(E) a e 2 (Thompson, 1968) then p(t) (which is proportion to t 3 p(E))
cc t.
This illustrates one of the significant advantages of the 
time of flight technique for sputtering measurements, in that the 
number (time) density of particles falls approximately linearly with 
flight time and therefore is much less sensitive than the energy 
variation. For example, p(E) has a range of about 106 as particle 
energies vary from 1 to 1000 eV, while over the same range, t, and 
p(t) both change by a factor of 30.
However, as is evident from figure 2 and 3 of Farmery and 
Thompson (1968) (figure2.7a and 2.6b) the transformation from p(t) of 
figure 3 where the maximum of the curves occurs at time -100 ysec, 
which corresponds to 10 eV, to p(E) (A of figure 2) the peak of which 
occurs at E - 2eV introduces some marked differences. The most probable 
time does not coincide with the rt%ost probable energy and some care is 
needed in comparing time spectra with energy spectra.
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2.31213 Ionisation detector
A Trujillo velocity selector (Trujillo et al, 1962) was used 
by Politiek et al (1968) in conjunction with a sputter source as a 
means of producing a potassium atomic beam within the energy range 
0.5 to 45 eV. This fills the energy gap between thermal and nozzle 
sources and the charge exchange sources.
By using an alkali metal target, that part of the sputtered 
beam which was transmitted by the velocity selector could be readily 
measured by a surface ionisation detector (Kaminsky, 1964; Pauly and 
Toennies, 1968).
One application of the beam apparatus was to determine the 
energy distribution of the sputtered potassium atoms when the target 
was bombarded by 6 keV ions.
In order to get sufficient sensitivity it was necessary to 
work with a chopped beam. The particle density in the sputtered beam at 
6 eV was measured at 1013 particles/mm2 sr sec., which was significantly 
higher than the charge exchange value of 109 particles measured by 
Holstein and Pauly (1966) at this energy.
When running at 48,000 rpm the transmitted velocity of 15,000 
m/sec corresponded to an energy of 45 eV for potassium. This would be 
an energy of 72 eV for copper. That is given an alternative means of 
detection of the copper, such as deposition from a radioactive target 
on to a glass plate, the apparatus would be useable in the Silsbee 
focusing region for <110> ejection.
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2.3122 Mass spectrometer methods
There have been several attempts to measure the neutral 
component of the sputtered beam by mass spectrometer techniques and some 
of these have resulted in the energy spectrum of particles of a 
particular mass being measured.
Honig (1958, 1962) was able to just detect the presence of 
the neutral emission but not make energy distribution measurements. 
Woodyard and Cooper (1964) , using an argon arc both as a source of 
bombarding ions and a means of ionising some part of the sputtered 
neutrals was able to detect copper (atomic) ions and copper molecular 
ions. Again no energy analysis was performed.
Ben’yaminovich and Veksler (1963, 1964), used an apparatus 
similar to Woodyard and Cooper, in that the mercury arc which produced 
the projectile ions also served as the ioniser for the mass spectrometer. 
In this case however an electrostatic retarding potential was used to 
give a measure of the resultant ion energy and consequently the emitted 
neutral energy spectrum.
The target was mounted in the plasma and potentials up to 1200 
volts were applied to it relative to the anode. Targets could be 
arranged for either oblique or normal sputtering.
The measured energy range of the sputtered particles was 
10 to 1.00 eV. The energy spectra were unaffected by variations in 
the mercury pressure or by changes in the arc discharge parameters.
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The measured ion numbers of a particular energy, E, were 
converted to numbers of neutrals by using a correction factor of E , 
to account for the varying times spent in the plasma and hence the 
probability of ionisation.
In neither Wooyard and Cooper’s or Ben'yaminovich and 
Veksler’s results was any allowance made for the sputtered ion 
component. It would seem very difficult to distinguish between 
those ions which are produced by sputtering and those which arise 
from neutrals passing through the plasma.
2.32 Energy measurements of sputtered ions
Because they are electrically charged it is a relatively 
straightforward task to measure the energy distribution of ions. 
However, if more than one ion species is present then it becomes 
necessary to introduce some form of mass (or e/m) discrimination.
This increases the difficulties and although combined mass and energy 
spectrometers have been in use for many years, they have usually 
been used for particles which are accelerated to essentially the 
same energy.
A wide range of charges particle spectrometers is 
described in the review article by Simpson (1967) , where retarding 
potential methods (including R.P.D. of Fox et al, 1955), and 
electrostatic prisms are treated, although it is mainly concerned 
with electrons and hence does not include any mass analyser - energy 
analyser combination. If a later volume of the same series (Marton, 
1968) and the book of McDaniel and McDowell (1969) a variety of 
modern experimental beam measuring techniques are described.
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The design of electrostatic and magnetic prisms is covered 
in detail in the books of Grivet (1965) and Septier (1967) while there 
are many texts on the mass spectrometry of atomic beams (e.g. Hasted, 
1964).
The problem of ensuring that the transmission coefficient 
for the ions through a mass spectrometer does not change with energy 
has sometimes been neglected by some working in the ion scattering and 
sputtering fields. The conditions which must be satisfied to ensure 
that the transmission coefficient through a mass spectrometer - energy 
analyser combination have been given for example by Hasted (Bates, 1962, 
chapter 18).
The energy spread associated with sputtered ions extends 
from less than 1 eV to several thousand electron volts. This is in the 
same energy range as fast scattered ions in gas ion - atom collisions. 
Representative of the type of methods which have been used in gas 
collision studies and which would be applicable to sputtered ion 
measurements are those of Afrosimov and Fedorenko, Champion et al, 
and Geise and Maier. For example, Afrosimov and Fedorenko (1957) 
have measured multiply charged argon ions resulting from such collisions 
initiated by 75 keV incident ions in which they determined the energy, 
up to 1400 eV by a retarding potential technique, and used a magnetic 
analyser to separate the differing charge/mass particles.
Champion et al (1966) velocity and mass analysed the 
product ions from collisions in the 20 to 40 eV region using a cylindrical 
energy analyser followed by a quadrupole mass spectrometer. The 
incident beam was in the same energy range and could be used to 
calibrate the analyser system.
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In the Geise and Maier (1963) apparatus, in which ions 
emerged with energies in the range 2 to 200 eV the wide ratio of 
maximum to minimum energy was reduced by accelerating the particles 
in a uniform field to an energy of about 5 keV. The resultant maximum 
energy spread was only ± 2% of the mean energy over which range the 
mass spectrometer pass band was constant.
Similarly, representative of the methods used to measure 
sputtered ion energies are those of Veksler, Benninghoven, and Jurela 
and Perovic.
Kirchner and Benninghoven (1964) and Benninghoven (1965) 
used an apparatus similar to that of Veksler (1960) in which a magnetic 
mass spectrometer acted as a mass analyser and an energy window, and 
a retarding potential was applied between the target and the mass 
spectrometer. In these experiments only relatively low energy 
(<3 keV) incident ions were used, while the emergent ions with 
energy to about 50 eV were measured. The method of calibration used 
by Benninghoven was not disclosed.
Veksler (I960) in studying the scattering and sputtering 
of ions from a molybdenum surface calibrated his apparatus by replacing 
the target by a thermal source of caesium ions, accelerating the ions 
to the desired energy and measuring the mass spectrometer response as a 
function of ion energy. He accounts for the different in his measured 
sputtered energy spectrum from the results of Bradley (1959) by 
suggesting that the transmission coefficient of Bradley’s apparatus 
was energy dependent.
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Jurela and Perovic (1968) who were able to make measurements 
of ion energy up to 3 keV used a standard field scanned mass spectrometer 
situated between the target and a retarding potential detector system.
The ions were accelerated from the target by an electric field; the 
energy thus gained had to be subtracted from the final measured energy 
to get the initial ion energy. Because the energy window of the mass 
spectrometer varied by a factor of four from the lowest energy 
(1000 eV total energy, corresponding to zero initial energy plus a 
fixed accelerating potential of 1 kV) to the highest (4 keV) the 
energy of the ions was measured by applying a series of fixed 
retarding potentials to the detector and sweeping the magnet through 
the mass peak. Thus a series of curves were obtained for the same 
peak in which the beginning of the rising side corresponded to the 
ion beam energy (i.e. just sufficiently energetic to surmount the 
retarding barrier) and its intensity to the ion yield at this energy.
2.33 Empirical energy distributions
2.331 Neutral particles
The measurements of the energy distributions of the 
sputtered neutral particles fall into two groups. Those of Stuart and 
Wehner (1964) and Veksler (1964) are for low bombarding energies up to 
1 keV, while those of Thompson’s group (Thompson, 1968; Farmery and 
Thompson, 1968) are for incident energies in the vicinity of 40 keV.
Some of the results of Stuart and Wehner are reproduced 
here and form figures 2.3a, b, c, d and e and 2.5a and b.
The target material, bombarding ion and its energy, and the 
direction of observation are shown on each diagram.
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Some marked similarities occur in these spectra (and others 
not shown here). This would in part be due to the factors common to 
each of the experiments.
a. Bombarding energies were all in the 100 to 3000 eV 
range, while all of the ones illustrated have energy 
of 600 eV.
b. The bombarding ions were all incident normal to the 
surface.
c. Observations were restricted to a few directions of 
emission, with the most common angle being 0° (i.e. 
normal) and 60° to the surface normal.
d. Most of the data are for incident mercury ions, although 
measurements were made with rare gas ions.
The common features of the energy spectra can be readily 
summarised.
The shape of the energy spectrum does not depend strongly on 
mass number of the ion from argon through to mercury. In addition it 
will be noted that the spectra due to helium and neon ions are similar, 
although they differ quite substantially from that of the larger mass 
particles. These points are illustrated in figures 2.3a and b where 
energy distributions produced by argon, krypton, xenon, mercury, 
helium and neon ions are shown. For the heavier ions the peak heights 
occur at approximately the same energy (3 to 4.5 eV) and with the 
peak heights normalised to the same value, the shape of the rise and 
fall of the curves show little variation. And again, the position of 
the peak height and the shape of the curves are very similar for the
two low mass ions.
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The changes introduced to the energy spread of the particles 
for different emission directions but otherwise similar conditions to 
a. and b. are shown in c. and d. of figure 2.3. The shift in the 
energy corresponding to the maximum value is much lower for normal 
exit (0°) than at 60°. Figure 2.3d, which substitutes xenon and 
krypton for mercury shows similar changes so that the results of 
these three ions at normal emission (like those at 60°), do not differ 
significantly.
Figure 2.3e, which is for a polycrystalline target can be 
compared with the single crystal results measured under similar conditions 
and shown in figure 2.3c.
Once again the change in the shape of the spectrum due to 
differing direction of observation are. similar. However the spread 
in the spectra is not as pronounced for the polycrystalline copper 
as the monDcrystalline. This does imply that some crystallographic 
dependence is evident.
Tf these curves are replotted on (i) log-log and 
(ii) log-linear scales (figure 2.4a and b respectively) it is seen 
that the high energy region for the mercury (and argon) ion bombardment 
of both the mono- and poly-crystalline faces measured at 60° to the 
normal is linear in (i) and hence the emission can be represented by
N(E) a E"1*6,
while for both targets in the 0° position the spectrum has the form 
N(E) rc exp (-E/Eq) , with Eq = 12.5 eV.
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On the other hand the 1200 eV argon ion bombardment of a 
polycrystalline gold specimen resulted in a spectrum which does not 
fit either a power law or exponential relationship.
For other polycrystalline material there occurred a steady 
increase in the position of the peak height with mass number from 
aluminium (3.0 eV) through to uranium (12.6 eV) , coupled with a 
decrease in the rate with which the curve falls with energy so that 
the corresponding energy at which the emission has fallen to half the 
peak value are 10 eV and 40 eV respectively.
Two additional sets of curves for copper single crystal 
targets irradiated with 600 eV mercury ions are reproduced as 
figures 2.5 a and b. In these the ions were incident normal to (100) 
and (111) faces and the observations made at 35° (<110> direction) and 
normal to the surface, and at 45° (<110> direction) and normal to the 
surface respectively.
In both cases the energy corresponding to the peak 
emission in the <110> direction exceeds that in the normal direction 
and the proportion of high energy particles is also higher. The 
two normal direction spectra are barely distinguishable, although they 
originate from different crystal faces. The difference between 
the two <110> spectra (when compared with figure 2.3c) seems to be 
due more to the angle of observation than any crystallographic 
dependence. The higher energies recorded in the <110> direction 
are at variance with the work of Weijsenfeld (1967) who found that 
ejection in this direction corresponded to the minimum mean energy.
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Stuart and Wehner expressed disappointment with their 
results in that they did not show any clear evidence of any particular 
mechanism such as focusing. Indeed the spectra were so similar that 
it appears from them that the processes which lead to ejection are 
probably largely independent of the crystallography, even though the 
differential yield, as shown by the spot patterns varied substantially 
with direction.
This interpretation may be far from correct. As observed 
earlier in this chapter the measurements for copper targets probably 
did not extend to sufficiently high energies to allow differentiation 
between the operating mechanisms. In addition, because measurements 
for different crystallographic directions of emission had to be made 
at different angles, the "random" contribution to the spectrum was 
also different. Musket and Smith (1968) have shown that well defined 
spots are visible even when 80% of the intensity in the region of 
a spot is due to an assumed random cosine distribution of particles.
In Stuart and Wehner's results a 20% increased contribution, due to 
some spot forming mechanism, possibly focusons, would be swamped by 
the increased yield due to the random beam.
It does not seem possible to meaningfully strip any random 
component from the observed spectra partly because the magnitude of the 
readings in the high energy region is so small. Furthermore the 
method of normalisation used (i.e. making the peak height all the 
same) does not permit the magnitude of the random contribution in a 
particular direction to be determined from, say, the polycrystalline
results.
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Ben’yaminovich and Veksler (1964) found that for poly­
crystalline nickel and tantalum targets bombarded by mercury ions with 
energy 400 to 1200 eV, the detected energy spectra could be 
respresented by
N(E) = A exp (-E/Eq), 10<E<100 eV.
Because they detected ions which were assumed to be produced in the 
arc by ionisation of the neutrals, they considered the neutral 
spectrum should be of the form
N(E) = BE^ exp (-E/E ).
This energy dependence of the spectrum is different from 
the two forms measured by Stuart and Wehner for mono- and poly­
crystalline copper and for tantalum which also obeys a power law,
N(E) cc E~2 *2.
As commented earlier sputtered ions are included in the 
measured particle numbers and at least their contribution to the total 
count should not be multiplied by the correction factor for the time 
spent in the plasma. The presence of the plasma at the target surface 
could so modify the conditions that a much higher than normal component 
of the sputtered beam is ionised at the surface rather than in 
passing through the plasma.
In addition once a particle is ionised its interaction with 
the plasma will change and its kinetic energy can be subject to some 
considerable variation. That is the number density of ions' of a 
particular energy may not be simply related to the neutral density of 
the same energy. Consequently it is difficult to draw any firm 
conclusions of the sputtered neutral spectrum from these results.
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The results of Politick et al (1968) for sputtered potassium 
show a velocity spectrum of the form
n(V) ^ v2*2, which corresponds to an energy spectrum,
n(E) «= E“s/2.
The most informative and consistent energy distribution 
results are those due to Thompson. In these experiments the incident 
particle energy (40 keV) was sufficiently high to ensure reasonable 
penetration depths with the possibility of the generation of significant 
collision cascades. If focused collision sequences occur in solids it 
would be reasonable to expect to see evidence of them in the sputter 
products.
The energy spectra for gold and copper single crystals lend 
considerable support to the idea that focused collision play a 
significant role in preferential sputtering.
Figure 2.6a and 2.6b are taken from Thompson (1968) and 
Farmery and Thompson (1968). They represent the energy distribution 
of the sputtered particles for the conditions shown, plotted as 
logarithmic functions. The principal characteristics of all these 
curves is the approximate dependence
N(E) a E~2.
The time of flight form of the distributions show appreciable 
structures (as distinct from the results quoted earlier). Part of this 
is no doubt due to the much higher energy resolution of the apparatus 
used in collecting these data. Figures 2.7a and b, (also from the 
original papers) show the time spectrum for copper single crystal 
ejection in the <110> and <100> directions respectively, together
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with the contributions to the measured total of the random, simple 
focusing and assisted focusing emission as calculated from the 
Thompson collision cascade theory.
The equivalent spectra for gold targets forms figure 2.8.
Even the polycrystalline spectra for gold show considerable 
structure (figure 2.9).
By applying the Thompson theory to these results it was 
possible to calculate for copper:
a. Focusing energy of 50 ± 10 eV for the <110> direction.
b. Assisted focusing energy of 320 ± 50 eV for the 
<100> direction.
The corresponding values for gold crystals were 167 ± 25 eV 
and 500 ± 100 eV respectively.
'fence, while the energy spectra derived from low energy 
bombardment do not convey much understanding about the collision 
processes which result in sputtering, the higher energy experiments 
of Thompson’s group amount to quite substantial evidence in favour 
of random cascades in conjunction with focused collision sequences.
2.332 Ionised particles
Experimental curves of the energy distributions of sputtered 
ions are available for a variety of combinations of incident ions and 
targets. Results representative of three bombarding energy groups are 
those of Adylov et al (1970), (300-2800 eV ions incident on molybdenum); 
Hennequin (1968), (8 keV argon ions on polycrystalline copper and 
aluminium); and Jurela and Perovic (1968)(40 keV argon ions on a 
range of polycrystalline targets).
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Hennequin used a retarding potential method to determine the 
particle energy, but does not appear to have measured the transmission 
coefficient of his apparatus at different energies. The measured 
energy distribution for copper ions can be expressed in the form
N(E) « E~°* 7(25<E<125 eV).
Adylov et al found that the spectra of Mo+ ions from clean 
heated molybdenum targets was similar for caesium, potassium and argon 
ion bombardment. These curves show some marked changes of slope 
throughout a range of incident energies. When plotted on a 
logarithmic scale these variations in shape appear as cusps. These 
appear at approximately the same energy (25, 60, 110 and 240 eV) for 
different values of the incident particle energy. They are well 
developed - more so than shown in some earlier publications of 
members of the same group. This could be influenced by the high 
temperature cleaning process used which could enhance the size of the 
crystals in the foil used as target.
The logarithmic energy distribution curve corresponding to an 
incident ion energy of 2.8 keV shows an average slope consistent with a 
distribution of the form,
N(E) a E-1* 5.
The results of Jurela and Perovic (1968) show similar 
outstanding features. On a log-log plot the curves tend to a nearly 
constant slope which can be represented by
- 1.3N(E) « E
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As well the curves of the atomic ions have well developed 
cusps. Figure 2.10 shows the Co+ and Co2+ spectra. The discontinuities 
in the molecular ion curves are not as well defined as for the atomic 
ions.
Also the proportions of molecular ions and multiply charged 
atomic ions varies widely from target to target. For example, Co2+
(molecular ion) was 42% of the Co”* emission, with Co2+ 1.7%, whereas 
similar ions of manganese were each present at levels of 2.4%.
It does appear that the results of Adylov et al (1970) 
and those of Jurela and Perovic (1968) are consistent. The similarity 
in the power series form of the spectra and the presence of structure 
(viz, the cusps) in the curves suggests that effects due to the bulk
ÖV «-material rather than the surface contaminants, i-s being measured.
This broad agreement of results occur over the wide incident energy 
range of 2 to 40 keV.
It is only at the low energy end of the sputtered ion spectra 
that the curves markedly diverge. The reason for this is not clear.
2.4 Synopsis
These experimental results can be summarised.
(i) The positions of most ejection pattern spots and the
variation of their width with temperature are consistent 
with a focusing model of particle ejection.
(ii) Some spot patterns, including those associated with very 
low energy incident ions are not readily accounted for by 
focusing mechanisms.
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(iii) The neutral energy spectrum measurements exhibit
considerable variation. The results of Thompson’s 
group, however, present a consistent picture, with 
an E 2 relationship at the higher energies. The 
spectra can be resolved into random and focused 
collision components, which lead to values for the 
focusing energies.
(iv) There is a similar lack of agreement between the 
observations of the energy spectra of the ejected 
ions. The two sets of results which do show some 
structure within the spectra (Jurela and Perovic, 
and Adylov et al) tend to agree that the ultimate 
slope approximates to E 3/^ 2 and shows cusp regions.
In chapter 5 these results are compared with those of this 
investigation, and the nexus between the neutral and ion components 
considered.
CHAPTER 3
THEORIES OF SPUTTERING
3.1 Introduction
Although sputtering was discovered by Grove in 1852 and 
extensively investigated over the next half-century or so very little 
theoretical work was attempted. The earlier models were based upon 
thermal evaporation type processes (Blechschmidt and von Hippel, 1928) 
and those ideas persisted for some time (Townes, 1944). Momentum 
transfer processes were also considered (Compton and Langmuir, 1930), 
but these too were unable to account for the large amount of often 
conflicting data. In fact the theoretical development of the subject 
was hampered by the lack of consistency in the experimental results 
due largely to ignorance of the vacuum and surface requirements.
A survey of the significant theories up to the mid 1950’s 
has been produced by Wehner (1955), while Kaminsky (1964) and later 
Carter and Colligon (1968) have treated more recent work. The books 
of Nelson (1968) and Thompson (1969) contain additional material. A 
brief review of even more recent ideas has been given by MacDonald (1970).
Within the bombarding energy range of interest, from a few 
electron volts to some thousands of electron volts, the theoretical 
treatment of collisions in solids is simplified substantially by two 
fortuitous circumstances. Classical physics concepts and techniques 
are satisfactory, without the complexity of a quantum mechanical 
approach, and for most interactions only binary collisions need to be 
considered. In the review article by Nichols and van Lint (1966)
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the reasons for these assumptions are given. Thompson (I960) also 
states the conditions which must be met for classical calculations to 
be justified. He also delineates the range of validity of some of the 
commonly used interatomic potentials. A more rigorous description 
of the inter-relationship between classical scattering theory and the 
quantum approach is contained in chapter 1 of Geltman's book (Geltman, 
1969). The applicability of classical methods to regular crystal 
arrays in which fast particles can be channelled has been considered by 
Chadderton (1968).
Many different models for sputtering have been proposed, 
most of which account satisfactorily for some of the observations.
For example, one of the early momentum transfer theories due to 
Keywell (1955) in which an analogy is drawn between neutrons slowing 
down in a moderator and loss of energy of a particle in the collision 
cascade, and after suitable choice of values for the displacement and 
sputtering threshold energies, leads to yield calculations which are 
in good agreement with experimental results for 0 to 25 keV argon 
ions on copper.
Similarly theories in which the mean free path of the 
incident particles is used to determine the number of primary knock- 
ons and where the yield is assumed to depend upon the number of 
displaced particles have given good estimates of the yield (Goldman 
and Simon, 1958; Kinchin and Pease, 1955; Gr^nlund and Moore, 1960).
The various "transparency" theories which account for the 
variation in yield as a function of the direction of incidence upon 
single crystals have been mentioned in chapter 1, as have the 
successful attempts by Onderdelinden (1968) to relate similar empirical 
data to channelling processes.
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The processes of simple and assisted focusing, which were 
introduced to account for the form of the ejection patterns from 
single crystal targets have also been discussed briefly earlier.
A more recent theory for the sputtering of amorphous 
materials, due to Sigmund (1969) leads to excellent predictions of 
the sputtering yield over a i^ide range of conditions and with a 
minimum of assumptions (viz, the ion-target and target-target 
collision cross-sections, and the atomic binding energies). The 
method used random slowing down in an infinite medium rather than a 
binary collision model. It was anticipated (Sigmund, 1969) that the 
theory could be extended to cover energy distributions and ejection 
characteristics not only of amorphous targets but single crystals 
as well.
Two theories are available which do predict the form of 
the energy distribution of the sputter products. Thompson (1968) 
considered the problem from the point of view of collision cascades 
in a random solid. Veksler (1970) on the other hand treated a 
polycrystalline target as though it were an ensemble of randomly 
arranged single crystals each one of which undergoes sputtering 
only through focused collisions.
Thompson has extended his theory to include single crystal 
sputtering and has succeeded in the case of copper and gold targets 
in getting good agreement between the theoretical and empirical
energy spectra.
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However, as stated earlier, the generation of ejection spots 
from crystals in directions for which focusing action seemed improbable, 
and from very low energy incident ions, such that any focusing chain 
length would be very small, caused speculation whether some other 
processes might not be responsible for the preferential ejection.
One such theory, due to Lehmann and Sigmund (1966) has attracted 
wide interest and acceptance. An investigation of some aspects of the 
theory by means of a computer simulation of the collision sequence 
has cast some doubts on the importance of the process (Nelson and von 
Jan, 1968).
It is proposed to consider the theories of Lehmann and 
Sigmund, and Thompson in some detail because of their relevance to 
the experimental work performed.
Current theories of ion emission are also considered, 
although the position is far less satisfactory than for the neutrals.
In fact it appears that to date no really comprehensive theory of 
ionisation processes associated with sputtering is available.
3.2 The near head-on collision model
Lehmann and Sigmund (1966) (referred to as L&S) have 
suggested that sputtering ejection spots can be accounted for by 
considering the collisions between atoms in the surface and the next- 
to-surface layers. Focused collision sequences extending over more 
than one lattice distance were not considered essential to the 
formation of spots. A simplified analysis of a typical collision 
was given in their paper. Two situations were considered,
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(a) the case in which no focusing occurred (exemplified by their 
focusing parameter, a being zero) , and (b), the case in which a 
single partially focused collision occurs (in which a = but in 
which there is no limiting energy of the incident particles; that 
is focusing occurs for energies less than or equal to the focusing 
energy, and defocusing occurs above their energy).
Two distinct mechanisms of ejection were described; that 
of emission, between surface atoms, of the atoms of the second 
layer, and that of the removal of surface atoms as a result of 
collisions with the layer of atoms immediately below the surface.
No preferred directions of motion of these projectile atoms were 
assumed. In fact they were considered to move isotropically with 
an E n form of energy spectrum.
In the analysis the fate of the projectile atoms was 
not considered. It is shown here that if the same simple model 
as proposed by Lehmann and Sigmund is applied to the projectile as 
well as the target atoms, then when a is zero, that is, no focusing, 
there is no spot pattern, and when a = the spot pattern diverges 
appreciably from that suggested in the original paper. In addition, 
even at the simplified level of Lehmann and Sigmund’s and this 
treatment the contribution of the atoms penetrating beti-zeen the surface 
atoms (that is the first mechanism) probably needs to be considered 
before much can be said about whether and where spots occur.
Figure 3.1 (a) and 3.1 (b) illustrate mechanisms 1 and 2, 
while 3.1 (c) consists of mechanism 2 but including the recoil of 
the projectile atom.
■UttÄ
Fig. 3.1
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Particle A moves with energy Ei at an angle $1 to the line 
of centres of A and B. Particle B is ejected (as a result of an 
assumed hard sphere collision) at angle $2 to the line of centres.
The scattering angle of A is T and of B is <£>, and the projectile 
particle emerges at angle $ 'h The energy transferred to B is 
Ei cos2$, while the energy retained by A is Ei cos2T = Ei sin2$, 
for atoms of the same mass.
Particle B is considered first by the method of Lehmann 
and Sigmund, and using their symbols, but without the approximation 
for the cosine squared terras.
If random slowing down in the crystal is assumed the energy 
distribution can be expressed
g(Ei) - Ei n where 3/2 _< n <3.
The velocity distribution is assumed isotropic.
The scattering can be expressed
$2 = A (Ei, $1) $1 with A (Ei,$i) the focusing parameter.
For simplicity A is assumed to independent of $1. Let 
S($2) be the angular distribution of atom B when sputtered around 
the considered direction, assuming a threshold energy U($2), which 
is taken as equal to U a "non directed" surface binding energy for 
small $2.
Then
S($2) d$l2 = Jg(Ei) dE 1 dftj.
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The scattering angle (in laboratory coordinates) is 
$ = $1 +  $2
and with $2 = A
$ =$i(l + A) = $2(1 + 1/A)
and the transferred energy is Ei cos2 $2(1 + 1/A), which must be 
greater than U the threshold energy.
That is Ei cos2 02 (1 + 1/A) > U,
and a minimum value (W) of Ej leading to ejection can be defined by 
W = U cos“2 $2(1 + A“1).
Hence
00
S($2)d^2 = / g(Ei) dEi d^i 
W
with dfii = 2tt sin d$j
d^2 = 2it sin $2 ^^2 
dfÜ3 = 2tt sin d^ '*
and hence d$7i 1/A sin $2/A cos $2 d^2
= -1/A sin $2/A 
cos $2 d^3
(i.e. d^2 = -tan $2d^3 )
and .*.S($2) = J Ei 2 sin$2/A dEi
W A sin $2
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cxAnd i f  A(Ei)  = (E i / E ^ )  ' where  i s  t h e  f o c u s i n g  e n e rg y  and a - h , 
t h e n  W = U c o s ” 2 $ 2 {l + (Ef /U ) CX }
and
OO
S ( $ 2) = /  ( s i n  {4>2 (E / E i ) “ } /  E l 2 (E l / E  ) “  s i n  $ 2) d E j .
W
T h i s  e x p r e s s i o n  can b e  e v a l u a t e d  a n a l y t i c a l l y  f o r  s p e c i f i c  v a l u e s  o f  
a .  The two o f  main i n t e r e s t  a r e  a= 0 (L&S "no f o c u s i n g  c a s e " )  and
a= %
For  a  = 0
OO
S(<£>2) = /  E i ” 2 dEi = W_1
a  =0 W
w i t h  W i n  t h i s  c a s e  = U cos  2 2 $2 
and hence  S ( $ 2) = ( c o s 2 2<±>2)/U 
which  has  a maximum when $ 2 = 0 ,  tt/ 2 ,
( t h e  second  v a l u e  p r o b a b l y  n o t  b e i n g  a d m i s s i b l e  b e c a u s e  of  t h e  
r e s t r i c t i o n  o f  t h e  a n g l e s  and $ 2 t o  s m a l l  v a l u e s  and t h e  l i m i t a t i o n s  
i n h e r e n t  i n  t h e  s i m p l e  h a r d - s p h e r e  model  o f  f i g u r e  3 . 1 c ) .
T h a t  t h e  e x p r e s s i o n  S ( $ 2 ) ^  _ was o f  t h i s  form (o r  an 
a p p ro x im a te  e q u i v a l e n t )  was u s e d  by  L&S t o  imply  t h a t  a s p o t  p a t t e r n  
would b e  d e v e lo p e d  from t h i s  h e a d - o n  c o l l i s i o n  mechanism w i t h  h a l f ­
w i d t h  g i v e n  by
“  ' 2  S  ( $ 2 , Q )
a=Q a=0
s ( $ 2  > 1 3 )
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which corresponds to
C O S 2 2 $ 2 >1^ =  '2
and $2,1^  = tt/8
with the FWHM values of tt/4.
For the fee structure the predicted ejection pattern 
intensity from a (100) face has the form shown in figure 3.2.
When a = the integral for S($)2 takes on the somewhat 
unwieldy form of:
sin $ 2 {(W - BAt sin 3/ /W) + cos 3 Aj (32/2 - w)})
where 3 = $ 2 E^2
and W = U cos_2($2 {l + (Ef/U)^}).
If however the not unreasonable assumption is made that 
sin $2 /A - sin $ 2 (an assumption which is more nearly correct for 
large energies, even for quite large values of $ 2  and having in mind 
that the interest is in the approximate form of the distribution, 
and further that sin $ 2 is within a factor of 1.5 of the correct 
value up to $2 = tt/2 ) ,
OO
then S($2) = E 20 \ Ei "2_2a dE1
1 W
= Ef20t/(1 + 2a) W 1+2a
for all a
= Efza cos2+4a $2{l + (Ef/U)a}/(1 + 2a) U 1+2C*
a -  ‘h. ( E ^ U - 1 0 )
F i g. 3 . 2
K c. k  —
Fi g .  3 .6
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(For a = 0, this leads to the same value for S (O2 ) q —^ q  as earlier.) 
If a = ^
S(4>2)a , = Ef cos4 $ 2 {1 + (E£/U)!s} /2U2.
For copper Ef/U -10
S($2) 5 cos4 4^2Ct=h
This has a maximum value of 5/U {= 5 S(<*>2> o^a~Q^
when $ 2 = 0, tt/4.
The half width value for S($2 1 ) occurs at
CL=h
$2 = ±8°, 37°, 53°,
the latter two values corresponding to ±8° centred about the maximum 
at 45°.
(The second solution did not appear in the L&S treatment 
because they approximated for the cosine term in W. That is the L&S 
model also predicts a maximum ejection in the <100> direction from 
a fee crystal as well as the <110> direction. The two peaks are 
of equal height and angular dispersion.
The analysis can be extended to include the projectile atom 
A to determine what contribution these make to the ejection pattern. 
The energy retained by A after the impact is Ei sin2 $2 (since 
T = tt/2-0 for atoms of equal mass) , and if is the angle of 
ejection relative to the line of centres the angular distribution
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o f  A i s
S(<T) dft3 = f  g (E i)  dEx d^ i  
M '
w i t h  th e  low er  e n e rg y  l i m i t  V I '  g iv e n  by
W" = U s i n " 2 0
= U s i n ” 2 $ 2 ( 1  + 1 / A )
_ s i n  $ 2 /A
and d f i i  = - 1 / A  ---------7—  dft3 .
cos $ 2
G iv ing
son Ei 2 s i n  O2/A 
A cos $2
dE 1
w hich  w i t h  s i m i l a r  a p p ro x im a t io n  t o  t h a t  b e f o r e  becomes
-  -  t a n  $ 2  /  Ei 2 dE
VT A 2
-  t a n  $ 2  E 206 s i n 2+40t $ 2 {l + (E /U)°C} / (1  + 2a) U
For a  = 0
S = “ t a n  ^ 2 s ^n ^ 2 = 4  s i n 3 4 $2 cos  O2/U
a = 0 -------------77--------------
4 c o s 3 I5“* s i n  $VU.
T h is  has  t h e  v a lu e
S( $ ^ ,  ) = 1 /0  when $ 2  = tt/ 4 .
U a=0
i+ z 0t
T h a t  i s ,  t h e  p r o j e c t i l e  a tom s A have  th e  same d e n s i t y  beyond th e  s u r f a c e  
when $ 2 = tt/ 4 ,  and t h e r e f o r e  when § '  = tt/ 4 ,  ( § 2  + § '  = tt/ 2 )  a s  t h e
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atoms B when $2 = 0 .  It follows therefore that while the surface 
atoms (for a = 0) appear to be ejected in a preferred direction, 
giving a spot of half width tt/4 along the < 1 1 0> direction, there are 
an equal number of B type atoms ejected at tt/4 to the line of centres 
(normal to (100) face).
Further S($0 for a = 0, has a maximum value of 1.3/U when 
= tt/6, (30°) and half maximum value at §' = 6° and 54° (all angles 
measured from the line of centres). So that the intensity of the A 
atom ejection using this simple model is actually greater than that 
of the surface atoms.
For a = %
S(<n = tan $2 sin4 $2 {l + (E^/U) J}/2U2
and for E^/U -
s(<n
a=h
10
5 sin4 4$2 tan$2
Ü ~
= (5 cos sin4 4$0/U 
and tends to zero as tends to zero.
S($0 has maximum values of approximately 11/U and 2/U for 
= 16° and 164°; and 63° and 117° respectively.
The half width of the principal peak at 16° is 8°. Here 
again in conformity with the a = 0 results, the contribution of the 
projectile atoms to the ejection pattern at angles near which the 
L&S theory predicts a maximum, is significant.
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F i g u r e s  3 .3  and 3 .4  show t h e  a n g u l a r  d i s t r i b u t i o n  o f  p a r t i c l e s  
f o r  a  (100)  f a c e  o f  f e e  c o p p e r  a c c o r d i n g  t o  Lehmann and Sigmund,  t h e  
p r e d i c t e d  c o n t r i b u t i o n  o f  t h e  p r o j e c t i l e  a toms and t h e  sum o f  t h e s e  
two c o n t r i b u t i o n s  f o r  a  = 0 and a  = ^  r e s p e c t i v e l y .
I t  i s  a p p r e c i a t e d  t h a t  t h e  L&S t h e o r y  was aimed a t  showing 
t h a t  s p o t  p a t t e r n s  c o u ld  be  p r e d i c t e d  by assum ing  two atom h e a d - o n  
c o l l i s i o n s  w i t h o u t  t h e  n e c e s s i t y  o f  i n v o k i n g  f o c u s e d  c o l l i s i o n  
s e q u e n c e s .  The t h e o r y  i n  i t s  b a s i c  form was n o t  mean t  t o  a c c o u n t  
f o r  a l l  t h e  o b s e r v e d  c h a r a c t e r i s t i c s  o f  e j e c t i o n  s p o t s ,  f o r  example  
t h e i r  a n g u l a r  p o s i t i o n s ,  h a l f  w i d t h s  and i n t e n s i t i e s .  However t h e  
a u t h o r s  d i d  p r o c e e d  t o  make o b s e r v a t i o n s  a b o u t  t h e i r  t h e o r y  i n  
r e l a t i o n  t o  o b s e r v e d  s p o t  p o s i t i o n s  and h a l f  w i d t h s ,  and c o n c lu d e d  
t h a t  t h e y  a r i s e  ( a t  l e a s t  f o r  low e n e rg y  s p u t t e r i n g )  a s  a c o n s e q u e n c e  
o f  t h e  r e g u l a r  s u r f a c e  s t r u c t u r e .  I n d e e d  many w o r k e r s  i n  t h e  f i e l d  
have  p l a c e d  g r e a t  em phas i s  on t h i s  t h e o r y  and on t h e  mechanism 
p r o p o s e d .
The p u r p o s e  o f  t h i s  a n a l y s i s  was t o  make c l e a r  t h a t  w i t h i n  
t h e  a m b i t  o f  t h e  o r i g i n a l  model  ( t h a t  i s  r e t a i n i n g  i t s  s i m p l i f y i n g  
a s s u m p t io n s )  t h e  c o n t r i b u t i o n  o f  t h e  p r o j e c t i l e  a toms t o  t h e  
s p u t t e r  p a t t e r n s  c a n n o t  be  n e g l e c t e d .  To t h e  c o n t r a r y ,  on t h i s  model  
t h e y  a p p e a r  t o  make t h e  m a j o r  c o n t r i b u t i o n  t o  t h e  e j e c t i o n  p a t t e r n .
I t  i s  n o t  p o s t u l a t e d  t h a t  t h i s  a n a l y s i s  d i s p r o v e s  t h e  a s s e r t i o n  t h a t  
s p o t  p a t t e r n s  a r i s e  f rom e s s e n t i a l l y  t h e  r e g u l a r  s u r f a c e  s t r u c t u r e  
r a t h e r  t h a n  from t h e  o v e r a l l  r e g u l a r  s t r u c t u r e  o f  t h e  c r y s t a l .  I t  
i s  c o n s i d e r e d  however  t h a t  t h e  s i m p l i f i e d  model  o f  Lehmann and 
Sigmund i s  no l o n g e r  t e n a b l e .
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The computer simulation work of Nelson and von Jan (1967, 
1968), which also casts doubt on the L&S model because, among other 
things, it gives the wrong temperature dependence, also fails to 
take into account the passage of the projectile atom. Consequently 
they were unable to determine the contribution these atoms make 
to the pattern. However, although the projectile atom was not 
considered this simulation showed that even at low temperatures 
the preferential ejection due to a single collision could not account 
for the observed spot intensities.
In fact when the conditions most favoured the L&S mechanism 
it was still shown that for preferential ejection in close-packed
directions was a focusing effect. Indeed many of the focused collision 
sequences involved ranges of five or more next neighbour distances. For 
materials like gold with high focusing energies substantially longer 
range collision sequences probably occur.
There are several other comments which can be made about 
the near head-on collision theory. The angular terms arise solely 
from the lower limit of the integral and hence the assumption of the 
form of the surface binding energy. If there were any directional 
properties associated with the surface (for example the refraction 
effect arising from taking the binding force to be normal to the 
surface (Thompson,1968)} then the angular distribution would be 
greatly modified.
It is unlikely, even for low energy incident ions that 
the energy spectrum of the crystal atoms would be of the E 2 form 
within one lattice distance of the surface (unless of course there
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had been some energy transfer into the solid and that some of this 
energy returned to the surface). Similarly it is unlikely that 
particles within one atomic layer of the surface would be moving 
isotropically. At least in the surface layer an average nett 
velocity component into the crystal would be expected (unless, again 
some of the energy has returned to the surface). Both these 
considerations imply that while sputtering is eventually a surface 
phenomenon the collision processes farther within the crystal are 
probably important and must form part of a successful model. For 
single crystal targets the energy does not appear to be transported 
isotropically into the solid and it seems improbable that it will 
be returned to the surface isotropically.
In this particular model the assumption of the form of 
the energy spectrum, based upon empirical evidence, militates against 
using spectrum measurements to distinguish between this and other 
theories. An approximate calculation of the energy distribution 
at specific angles to the line of centres of the atoms for several 
values of the focusing parameter has been made using the original 
L&S expression. The spectrum of the sputter products depended 
strongly on the assumed energy spectrum of the atoms within the 
solid. That is the model produces no drastic changes which could 
be ascribed to it and used in favour of the proposed mechanism.
While the aim of the L&S theory was to account for the 
formation of spots in the ejection pattern there are other implica­
tions. There is no need for example to restrict the head-on 
collision mechanism to the surface layers. If the E 2 and 
isotropic distribution conditions are met within the solid
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substantially removed from the actual surface then in this region a 
virtual L&S surface exists. That is, given a non directional lattice 
site binding energy similar particle distribution«»would be predicted 
for particles within the solid as for those on the real surface. Thus 
once say, copper atoms are caused to move generally in <110> and <100> 
directions by near head-on collisions most succeeding collisions in an 
ideal lattice would tend to become focused. The angular and energy 
distribution of the sputter products arising from such collisions would 
be characteristic of focusing rather than the particular mechanism 
which instigated the directional anisotropy.
3.3 Collision cascade theory
This theory developed by Thompson (1968) assumes ejection 
results principally from the generation of collision cascades by the 
bombarding ions. The energy in the cascade is assumed to be shared 
by two body collisions such that the mean free path is independent 
of energy. The resultant energy spectrum of the sputtered atoms 
depends on E 2 at higher energies (i.e. E>E^, E = binding energy).
For lower energies the refraction effect associated with the 
assumption of a binding force normal to the target surface leads to 
an E 1 type of spectrum with a peak value at E-E^.
By including the generation of focused collision sequences 
by the cascade the variations from the random energy spectrum shown 
by single crystals can be accounted for in the energy regime from 1 to 
103 eV.
In this theory it is assumed that in an infinite solid 
the energy density is q(E2) dE2s m 3 s 1 of atom recoils of energy
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E2 from a primary event. Each primary recoil generates a collision 
cascade involving only binary collisions. The number of atoms 
which slow down through energy E' for each recoil at E2 is 
V (E2 , E"'). Hence the total density of atoms slowing down through 
E' per second is
CO
) q (E2)V (E2, E') dE2 
E'
The time dt for an atom at E" and velocity v' to slow down by dE "
is then = dE'fv' y-—  .dx
This leads to the flux of atoms in dE ^ at E' crossing any
internal surface and travelling into solid angle dfK in
direction r ' .
$' (E'r') dE' d Q' f H (^ 2 (^ 2 >E ) cos dE
l' dE' / dx dL2 4tt
It is then assumed that the measured flux <±> and energy E 
external to the solid are obtained by dividing the infinite solid in 
two and observing the flux of atoms across the surface. The 
primed quantities, E' relate to within the solid, the unprimed
$ and E to outside the solid. If E>>E^, then E-E^, and 
The factor v(E2, E') can be found from radiation damage models 
and becomes of the form
V(E2, E') = 0E2/E" n -  1
Thompson took dE^/dx - E'/E) (D = first neighbour distance).
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Whence $"(E", r") dE " dfÜ
cos 6 diT2" dE " 
4tt
If E"<< primary recoil energy the integral is not very sensitive
A more rigorous treatment by Robinson (1968) confirms this 
relationship. To derive the flux outside the surface, $(E) from 
(E"), Thompson considers that there is a binding force normal to 
the surface so that the component of velocity parallel to this force 
is reduced corresponding to an energy loss of E^. If 6 and <j) 
were the angles of incidence and emergence to the surface respectively 
then
to E" and hence
“ 1/E"2 .
sin $ = /(I + E /E) sin 6b
and
00
$(E,<J>) dft dE r) D cos (p f E 2 q(E2) dE d$7 dE. 
E+E,D
4tt (1 + Eb/E)3 E2
For a given angle of emergence (0), if E <<E<<E2b
$(E) al/E2 ,
while for low energies, i.e. E<E^
$(E) - E cos ({>.
That is the spectrum rises from zero at E = 0, linearly 
initially to a maximum value E , then falls approximately as E n .
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This gives - E^/ri, and hence for n = 2,
E = 2 E . b p
In addition 3>(E,c{)) is predicted to vary as cos <f>.
If the interaction potential between two colliding atoms 
is of an inverse square relationship this lead to a value of q (E2) 
such that,
$>(E, <J>) dft dE = P cos 4> {1 - / [(E. + E)/A Ei] }
----------- 2-------------  dQ dE,
E2 (1 + E /E)3 b
with P = tt a2 n A E  rq D /16a
in which A Ei is the maximum recoil energy,
A = 4 MiM2/(Mi+Mz)5
n = density of atoms,
a = screening radius of the potential,
E = value of Ei corresponding to the value of Eicl
which gives a distance of closest approach of 
a in a head-on collision.
The sputtering yield S is obtained by integrating the flux 
with respect to and E, and dividing by the flux of ions across 
unit area of target surface. For the potential considered,
s M i ( Z ! Z 2 ) 
(M1+M2)
sec^
it2 a 2 n2/s
8e
Ej_
E,
with D = n-1 /
n =
5/6
3.31 Focused collision sequences
The form of the energy spectrum of atoms ejected as a 
result of simple focused collision sequences was derived by 
Nelson et al (1962). Thompson (1968) improved this theory and 
extended it to cover assisted focusing collisions. In this case 
q(E2 ) dE2 is the density of primary recoils, as before.
Each recoil at E2 produces X(E2 , E ' " )  d E ' "  atoms within 
E ' "  and E ' "  + dE'*"’^ and moving in the right direction to start a 
focused collision sequence travelling in a particular direction.
Some of the energy E " ' is transferred to the next atom in the row 
as kinetic energy E "  , some is given to other atoms as kinetic energy 
and some is stored as potential energy V (E"*0 which travels along 
with the sequence.
The sequence loses energy at rate dE/dx, which is the 
kinetic energy lost in unit path length to atoms not in the focusing 
row, less the decrease in stored energy per unit distance. (The 
stored energy decreases and hence becomes available as kinetic energy, 
because as the energy in the sequence falls the atoms do not approach 
as closely.) The energy relationship after the first collision becomes
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If the sequence arrives at the surface with kinetic 
energy E' and stored energy V (E0, after travelling distances r, then
E "
r - j (dE/dx) 1 dE.
E
The maximum length, r, of a collision chain for which the energy at 
the surface is E' is
E
r = J ^(dE/dx) 1 dE 
E "
when E^ is the maximum energy at which these focused collisions can 
propogate.
The energy of the atom outside the surface will be E, with
E = E " + V (E') - E, .o b
Thompson also points out that for E > E^ the ejection 
direction is very close to the row direction, the "refraction” effect 
to some extent being counteracted by the microscopic structure of 
the surface.
The flux crossing the surface within energy dE of E in the
direction £ into angle d$7 is then
r d0
$(E, r) dE d^ = /q(E2) J x(E2 , E " ') cos(J) dr dE2 d E ' "  t~- 
E2 0 f
^  is the effective solid angle into which focused ejection occurs 
for this <hkl> direction. At low energies E^ and Vq (e O influence 
the spectrum substantially.
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For ejection E' > 0, and when E' = 0, i.e. zero kinetic 
energy is transferred to the last atom in the line,
E = V (0) - E . o ov b
If Vq (0) > E^, E^ is positive and represents a cut-off energy in the 
spectrum below which no ejection can occur.
If Vo (0) < E^ ejection always occurs for positive E j  there 
is no cut-off and the ejected energies range down to zero.
The stored energy V (0) was considered to be similar to 
the formation energy of an intersticial in the case of a replacement 
sequence when an extra atom is being carried along. In copper and 
gold this is near 5eV. The binding energy is about the same value 
so that Eq is almost zero for replacement sequences.
3.311 Simple focusing
The model that leads to the energy spectrum for simple
focusing includes the following assumptions:
(1) V (E) can be neglected.
(2) dE/dx = a E for E < E^ a = constant.
E^ = upper energy limit of 
focusing.
dE/dx 00 for E > E^.
(3) Ep Ef *
(4) X(E2 , E " ' )
b Ez log (Ef/E ' 
2Dhkl Ef^ (E'"")3//2
for E "  < Ef
rr: f *0 for E "  > E
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This function was based upon an inverse square potential and 
was considered a good approximation in the ranges > E^/10
and E2 >> E^.
This leads to the flux in dE at E and dSl at (J)for a particular 
focusing direction.
AE i E 2 q (E2) dE2 b cos (j)
B D a Ef2 
f
x ‘i r r 13/2 hog —  + 2/3 i ^ V /2 - 2/3}
b b f
for E.>E, E,>>E. , f t b
with the bracketed part of the function the energy spectrum.
The function 0(E,({)) decreases steadily as E increases, 
becoming zero at E^. On a log-log plot it starts with a horizontal 
asymptote at low energy and ends in a vertical asymptote at E^.
Near 0.2 E^ it behaves roughly as E 2 .
E+Eb
By substituting y = (—-— ) ,
Ef
the spectrum takes the form,
0(E) a N(E) = 1 - 1/y (log y + 1),
and if E^ = a E^, and E = kE^ where k takes a range of values, and a
is a constant for a given material in a particular direction, then a
universal simple focusing energy spectrum curve can be drawn
for E,_<E<E£ . b f
4>(E,<f>) = /
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y now becomes
b 4- 1(— — ) 1 < k < a.v a
For copper <110> , a - 10, and hence k ranges between 1 and 9, while
2the corresponding values of y are (y^) and 1. 
i.e. 0.2 < y < 1.
For <110> gold with - 150 eV, a = 30 and hence 0.7 <_ y 1.
A log-log plot of N$(E) against y forms figure 3.5a.
Over the central part of this curve (0.2<y<0.7) the slope 
is nearly constant and can be approximated by
N(E) « y 3* 5.
If E^ is known a log-log plot of N(E) against (E + E^) 
or preferably (E/E^ + 1); will show the vertical asymptote corresponding 
to the focusing energy and should also exhibit the y 3’5 relationship. 
There is a significantly reduced amount of arithmetic required to 
fit the experimental results to the equation in this form than in 
the original.
Alternatively if log {log N (E)} is plotted as a function 
of y the curve of figure 3.5b is obtained. This illustrates well 
how rapidly this function approaches the asymptote (at y = 1; that 
is E^ = E + E^) in the region of the focusing energy. Therefore 
having identified which portion of an energy spectrum is probably 
due to focused collisions a log log plot of this against log 
(E + E^) leads directly to the focusing energy.
Au C u
y
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3.312 Assisted focusing
The assumptions upon which this part of Thompson's theory 
is based are:
(1) Vq (E) = V , a constant value equal in magnitude to the 
energy of formation of an intersticial.
(2) dE/dx = B for E < E-  P
-*■ 00 E > E .P
(3) E^ > E^ (because the exponential form of the potential 
produces greater focusing for larger angles).
E2 log —Q rr
(4) x(E2 , E " ' )  = J (— t ) ---- -— —  for E "  < E
E ^ ( E ^ ) 3/2 ”  PP
E > E
with J a constant, 0.1<J<1.
The spectrum becomes
9 t a ^ 14>(E,<1>) dE = --- p -1?059 / E2 q(E2) dE2
E 2 B ft E „P f
log E -V + E, _______ o b
A e + BD + EJb
+
1QS 17TVT
/e  -  1. P .I
A  + i'
V(B d + v )o
with
E + BD + E 
BD + V and e BD + V
for E > E > V - E, p o b
and E »  E, - V . p 1 b o'
This function also decreases steadily with E in a similar 
manner to that for simple focusing but with a less steep slope.
3.32 Conclusions
-  85 -
This theory permitted Thompson to interpret his experimentally
determined energy spectra for single crystal copper and gold targets 
in terms of the sum of a random component and a component arising 
from focused collision sequences. The random contribution was stripped 
from the total and from the remainder the focusing energy verified 
for both simple and assisted focusing.
calculations were possible which again were in reasonable agreement 
with the measured values. The model also allowed predictions of the 
form of the interatomic potential for gold atoms in the solid.
3.4 Cascade focuson scheme
This theory was proposed by Veksler (1970). It used a 
hard sphere model similar to that of Keywell and Thommen with the 
assumption that momentum was transferred to the surface atoms by 
focusons. Each secondary displaced atom initiated one focuson 
which propagated without loss of energy. Polycrystalline materials 
were considered to have focusing direction distributed isotropically 
throughout the specimen.
atom was assumed to have the average energy value which it retained 
after k previous collisions,
In addition yield (or alternatively, surface binding)
The incident ion at the (k + l)tn collision with a lattice
e.k+i Eo
K kK
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, Mwhere u = —m ; m = ion mass.
< 1 M = mass of lattice atom.
E = e + £ , £ heat of adsorption of an ion on the o o o o r
surface.
£ = energy of incidence.
Primary ion and primary displaced lattice atoms were 
considered to move rectilinearly within the material.
The energy of an atom displaced by a primary recoil atom 
which underwent n collisions before this and was formed as a result 
of a collision of the primary ion after k collisions is given by
E2 = — —r— -^— —  cos2 < (> 0 1 cos2 <J>i2
<01 <12
with a = 4y/(l + y)2 and K 01 = k
K 12 = 2 .
Because focusing is achieved after a small number of 
collisions it was also assumed that the energy of the surface atom 
corresponding to the end of the focuson could be found from the 
Leibfried relation
E = E2 (1 - e2 /n )2
where p = square of the maximum value of the focusing angle.
Figure 3.6 shows the collision sequence proposed.
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The final expression for the energy distribution of the 
sputtered atoms (using Veksler's notation) is
d2 W = f cos r de d^ a a
with
__1___
(£+e)^
x £ £n “Ota fF; <*•> - X a 0knF2 ™k=0 n=0
The angle T0 is the angle between the primary ion and the emergent 
focuson (i.e. the direction of observation). The functions Fx(To) 
and F2 ('ip) were shown to be given by
Fi(^o) = sin T0 + 2/tt cot To {l + cos To - 1/6 cot2 Tq
(c°s 4-0 + 2 + }
and = ü 5"?7 V  - i cot2 '*'» 0 + + h *
which for T0 = TT/2 become 
F2(T0) - Fi(T0) = 1
z is the number of directions in which focusons can propagate 
while X is a constant introduced to correct for some the simplifying 
assumptions and was determined to be 1.145 by Veksler from the 
empirical data of Stuart and Wehner (1964) for the sputtering of 
copper by mercury ions.
2n Kk h  
Okn  ^aE ;
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The summation term in f was not to be zero and hence, thea
infinite series was suitably truncated.
The curves produced by Veksler from this theory were in 
remarkably good agreement with the measured spectra of both Stuart 
and Wehner and Veksler. Unfortunately the analysis was restricted to 
the case of r) < 1, that is, the incident ion had to be more massive 
than the target atoms. The values of r|, z, £, k and n used in the 
calculation were not stated. Additionally it was not clear whether 
assisted focusing mechanisms were assumed in determining which value 
of z was used. The shape of the polycrystalline spectrum was 
independent of both q and z.
The value of E^, the focusing energy, for copper was 
quoted at 60 eV, with the value for nickel of the same order.
Because of the incident ion and target atom restriction 
the theory could not be applied to the argon on copper and gold 
results.
3.5 Theories of ion emission
There have been several quite different processes recognized 
which give rise to the emission of positive (and in some cases negative) 
ions from solid surfaces. Probably the most readily understood is the 
thermionic emission of ions, the analogue of thermionic electron 
emission, and obeying a similar temperature dependence as in the 
Richardson-Dushman equation, (Smith, 1930; Grove, 1937). From these 
measurements the positive ion work function can be determined (Wright, 
1941) . The positive ion (<f>^) and electron (c})^) work functions appear
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to be related such that 6. + (j> = U + V, where U is the heat ofl e
vaporisation of a metal atom, and V is the ionisation of the metal 
atom. Typical values for (f)^ are 8.6 and 11.9 eV for molybdenum and 
tungsten respectively, (Smith, 1967).
Surface ionisation is usually associated with the ejection
of foreign atoms in an ionised state from a heated host surface.
The ratio of ion to atom emission (a) is given by the Saha -
Langmuir equation, which can include the reflection coefficient
of the ion or atom (r. ) and the temperature dependence of thei , e
surface work function.
1 - r3+
8.
r ii re 4>(T) - I]
with g , g^ the statistical weights of the ionic and atomic states 
(Kaminsky, 1965).
Ions originating from such mechanisms have a Maxwellian 
velocity distribution and consequently the ions produced by bombardment 
and which have a quite different energy spectrum are not formed by 
this type of surface effect.
The possible electronic transitions of ground state 
ionised and excited atoms at small distances from metal surfaces were 
investigated by van der Weg and Rol (1965), following the treatment 
of Hagstrum (1954). They did not attempt to determine what 
proportion of the material was sputtered in an initial excited or 
ionised state; rather they were concerned with the probability of an 
atom or ion undergoing a transition. The probability of a particle
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with velocity v escaping without a transition taking place was,
P (°°, v) = exp (-A/av) (A, a constants).
The process considered most likely was that of resonance 
ionisation of an excited atom and resonance neutralisation of an 
ion into the ground state. These would depend on the work function 
of the surface. However the change in, say, photon yield in going 
from a copper to a copper oxide surface was not consistent with the 
effect of the charge in work function and hence of resonance 
processes.
In addition the dependence of P (°°,v) or {l-p(°°,v)} on 
energy, viz,
P (°°,v) 01 exp (-E 2)
does not predict the correct form of the ion energy spectrum as 
reported by Jurela and Perovic (1968) and this work.
Datz and Snoek (1964) on the other hand made two 
assumptions regarding the ion emission. In the first place they 
considered the ions were ejected as a result of single collision 
events with the incident ion, and secondly that at the surface of the 
metal the copper exists as singly charged ions. It was these pre­
existing ions which were considered to be ejected. Their experimental 
results were in agreement with this theory. However this does not 
account for the low energy particles measured at large scattering 
angles, nor the high energy ones associated with scattering 
through 90°.
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For high energy bombardment (0.4 to 1.6 MeV) deutrons 
on metal targets, 30 to 50% of the emitted material was ionised 
(Kaminsky, 1967). Kaminsky was able to relate the ionic yield to the 
inelastic energy loss within the solid. This implied that some of the 
sputtered particles were generated within the solid in a charged 
(or possibly excited) state, or alternatively that some efficient 
charge transfer mechanism occurs as the collision cascade 
operates.
A different approach was taken by Schroeer (1969). In 
this process initially the valence electron belonging to the 
sputtered atom was in the conduction band, then as the sputtered 
atom slowly left the surface the wave function of the valence electron 
was assumed to change from that appropriate to the conduction band 
to that of an electron in the ground state of the free atom. Since 
the potential seen by the electron changed there was a small chance 
of a transition to a state different from the ground state of the 
free atom. The nearest and most dense states were taken to be those 
at the top of the conduction band.
The probability of such a transition can be calculated 
from the adiabatic approximation giving
OO
R = I / < Y*| 9H/9t| T.>(I - $)~l exp {i (I - $) t/H } dt|2
—oo £
'f. and T- are the initial and final wave functions of the electron and l f
9H/3t the rate of change of potential seen by the electron.
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The matrix element Z(t) = < (9H/8t) ¥ > was not
evaluated exactly, instead two "reasonable alternative expressions" 
were proposed.
ZjCt) = A/At (exp - It[/At)
and Z2 (t) = A/At {------------- }.
1 + 4(t/At)2
From which
R > " (r^r)2 { - ^ - 1a(I - ({))
and R2 = (■ J2 h 2/4 exp - (I - <i>) a'll V
with At the time the sputtered atom of speed v takes to penetrate the 
surface layer of thickness ’a'.
A final expression, a combination of these, took the form
R 3 A__s 2 r "ft v- ({/ a (I - <|>)■}
n
Experimental data from Beske (1967) for R and Kopitzki
and Stier (1962) for v were used to determine values of n and a 
o(2.7 and 1.4 A respectively). Reasonable agreement was obtained 
for 15 elements.
Unfortunately the dependence on v2* 1 (a E 1’35) does not 
agree with the measured spectra. This could be due in part to the use 
of mean energy values of Kopitzki and Stier (1962), which have been 
shown earlier to be in general much too high. However such a factor 
could not be responsible for an E+ 1 ’35 dependence instead of E 1#3.
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Veksler (1959, quoted in Veksler, 1970) was able to relate 
the ion emission spectrum to the neutral energy spectrum.
N.(E) = N (E) y  E l o '
with Y = {(i)'ä - 1} -q
s M 2
h
3/2
(e (j)) 2^
with
e<f) = work function of the material.
a = diameter of the atom.
m = electron mass,o
M = target atom mass.
I = ionisation potential of the sputtered atom.
The derivation of N q (E) by Veksler has been treated already. 
The focuson model proposed was valid only for the case of the incident 
ion mass greater than the target atom mass. It is not clear what
hrestrictions apply to the use of the multiplying factor, yE to 
deduce the ion spectrum from that of the neutrals.
The quantity y can be written in the form
Y = H l h - <t>S - 4  •
M 2
If the total ion yield were proportional to this, then the predicted 
ratio of S+ for copper and gold is 1.5 which is not in good agreement 
with the value 17.5 measured by Jurela (1970).
The complete expression did fit the low incident energy 
sputtering results of Adylov et al (1969) and less effectively those 
of Benninghoven (1965).
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3.6 Conclusion
The Thompson theory for neutral emission accounts 
satisfactorily for the measured spectra of some random and single 
crystal targets. It needs to be extended so that it can predict what 
portion of the spectrum is due to the random cascade, rather than for 
this to be done empirically, and to explain the variation of yield 
with crystal orientation.
Its ability to account for the E 2 form of the spectrum, 
and to allow estimates of focusing or propagation energies to be 
made lends strong support to its claims for being probably the best 
description to date of the collision processes which lead to 
sputtering.
The case of the ionic emission is not so clear. The 
processes by which the ions are produced do not seem to have been 
sufficiently identified. Those mechanisms which have been postulated
do not lead to the correct energy relationship, except in one case.
t UThe exception, Veksler’s E factor to convert the neutral spectrum 
to the ion spectrum, does appear to be in agreement with experiment. 
Further investigation of this theory is merited. From the viewpoint 
of this investigation the fact that the neutral and ionised emissions 
can be made to appear so closely related is at least a partial vin­
dication of the approach taken to eludicate the neutral spectrum 
via the ions.
CHAPTER 4
EXPERIMENTAL TECHNIQUES
4.1 Introduction
Some of the methods previously used to measure ion and 
atom energies have been treated earlier. This chapter contains an 
outline of the techniques and apparatus developed to measure the 
energy and angular distributions of sputtered ions and neutrals.
For the reasons previously stated the emphasis was on the ion 
emissions with the intent of extending the studies to include the 
neutral particles. Because these experiments represented a new 
departure for the group a variety of techniques and apparatuses had 
to be introduced and developed. Description of these, which include 
the manufacturing details, with mechanical drawings and electronic 
circuits, calibration and operating procedures have been well 
documented. While these are too detailed for inclusion here they 
are being collated into a series of research reports for use by other 
members of the group. Individual reports are being prepared on the 
duoplasmatron ion source and einzel lens, energy analysis and control 
equipment, mass filter and particle detection system, specimen 
preparation, mounting and orientation techniques, the scattering 
chamber and pumping system (including a novel rotary feed-through) 
and a modified Weiss (1961) ioniser and controls.
However while only those characteristics essential to the 
experiments are treated in this chapter a detailed analysis is included 
of the conditions under which the transmission coefficient of the 
decelerating potential - spherical energy analyser combination remains 
essentially constant.
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Incident argon ion beam currents of from 2 to 50 pA were 
available and from a representative target, such as copper a total 
sputtered ion current of about 10 pA could be expected. An angular 
resolution represented by a cone of half angle 1 (—10 ~ steradian) 
with energy resolution of ±1 eV up to 30 eV, ±3 eV to 100 eV and
—  T O±10 eV to 500 eV was estimated to result in peak currents of 10 pA 
through the energy analyser. This was below the values suggested by 
Simpson (1967) and Simpson and Kuyatt (1966) for which space charge 
effects would significantly increase the half energy width of the 
analyser. Preliminary measurements showed that some form of charge 
state and mass discrimination was necessary to avoid amongst other 
things, errors due to large quantities of .low energy argon ions 
produced near the target.
Partly for reasons of mechanical convenience but also because 
of the small energy transfer when the scattering angle is 90° the 
incident beam was inclined to the normal of the surface being bombarded 
and measurements made on that part of the sputtered material which 
was at right angles to the incident beam. This configuration of 
incident and exit beams has the advantage that if the target is 
rotated about the incident beam direction as axis the incident beam 
always impacts along the same crystallographic direction and in 
addition emissions at different angles in a given azimuthal plane 
are presented in turn to the energy and mass analysis equipment.
4.2 General description of apparatus and method
The apparatus is shown in figures 4.1 and 4.2. A diagramatic 
outline illustrating the apparatus is shown in figure 4.3. An ion 
beam was generated in source A, focused by an electrostatic lens B on
Ti
,
U
K
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to a collimator C which surrounds the specimen D. This specimen was 
capable of being rotated about the incident beam as axis, and in 
addition could be heated above room temperature by furnace E. Some 
of the ions produced by the impact of the primary beam on the specimen 
were allowed to escape via the aperture G in the collimator C. The 
region surrounding the collimator-target assembly and shown in light 
shading in the diagram was kept as nearly unipotential as possible.
The first (Hi) of a pair of spherical section grids formed one 
boundary of this equipotential region. Stainless steel plates with 
collimating holes Ij and I2 for the emergent beam were contained within 
the space between the target system and this grid Hi. The second 
grid (Il2) of the pair was maintained at a fixed reference potential 
(usually equipment ground). A spherical condenser electrostatic 
energy analyser J was placed beyond H2 so that the wanted part of 
the emergent beam was incident upon the central equipotential of the 
plates, which was kept at the reference level. The particles 
transmitted by the condenser J passed through a region in which was 
placed a filter lens K, and beam steering plates Li, L2, L 3, L 4.
The inlet aperture of a radiofrequency quadrupole mass filter M was 
suitably placed relative to the energy analyser, and the resultant 
ions transmitted by the filter detected by a windowless particle 
multiplier N. The whole system was contained within a vacuum chamber 
0, which was continuously pumped by a system P. The output signal of the 
particle multiplier was fed via an electrometer Q to an x-y recorder 
R. In operation the ions within a cone of half angle 1° produced by 
the sputtering process were allowed to enter the inlet aperture of 
the analyser J. Those with suitable energy were passed into the mass 
filter, and those with the correct e/m were eventually recorded.
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An e s s e n t i a l  f e a t u r e  o f  t h e  method was t h a t  t h e  e n e rg y  
a n a l y s e r  J  was s e t  t o  p a s s  p a r t i c l e s  a t  f i x e d  e n e r g y .  T h e r e f o r e  t h e  
mass f i l t e r  a lw ays  d e t e c t e d  c o n s t a n t  e n e rg y  p a r t i c l e s .  The e n e r g y  
s c a n  p r o c e s s  was p e r fo rm e d  by a p p l y i n g ,  i n  s e r i e s ,  an a c c e l e r a t i n g  
p o t e n t i a l  Vacc  and a d e c e l e r a t i n g  p o t e n t i a l  V t o  t h e  t a r g e t  and 
a l l  e l e c t r o d e s  up t o a n d  i n c l u d i n g  t h e  f i r s t  g r i d  H i .  Hence an i o n  
which  had i n i t i a l  e n e rg y  E_^  on emerg in g  from t h e  t a r g e t  a r r i v e d  a t  
t h e  e n t r a n c e  o f  t h e  a n a l y s e r  J ,  w i t h  e n e rg y  E . + -  V , . I f
3^  c lCG Q6 C
t h i s  were  e q u a l  t o  W t h e  f i x e d  p a s s  e n e rg y  o f  t h e  s p h e r i c a l  a n a l y s e r ,
t h e n  t h i s  i o n  would be  p r e s e n t e d  t o  t h e  mass f i l t e r .  The p o t e n t i a l  V ^
was caused  t o  s c a n  from 0 t o  500 V, and i f  V >W, t h e n  a l l  i o n s  w i t h
i n i t i a l  e n e rg y  E_^  b e tw e en  a p p r o x i m a t e l y  z e r o  and 500 eV would be
d e t e c t e d  i n  t u r n .  A s i g n a l  p r o p o r t i o n a l  to  V f o r m e d  t h e  x i n p u t
o f  t h e  r e c o r d e r ,  w i t h  E. and V, b e i n g  r e l a t e d  such  t h a tl  dec
E.
l
(W + Vdec V ) . a c c
A somewhat  s i m i l a r  c o m b i n a t i o n  o f  r e t a r d i n g  p o t e n t i a l  and low e n e rg y  
a n a l y s e r  was used  by B l a c k s t o c k  e t  a l  (1955) t o  m ea s u re  t h e  e n e rg y  
l o s s  c h a r a c t e r i s t i c s  o f  100 keV e l e c t r o n s  i n  f o i l s .  I n  t h e i r  c a s e  
however  no mass d i s c r i m i n a t i o n  was r e q u i r e d  and t h e  e n e r g y  r a n g e  o v e r  
which  m easu rem en ts  w ere  made ( - 6 0  eV) was n o t  s u f f i c i e n t l y  wide  f o r  
them to  need  t o  t a k e  i n t o  a c c o u n t  t h e  f o c u s i n g  p r o p e r t i e s  of  t h e i r  
a p p a r a t u s .  The a c t u a l  e n e rg y  s c a n  was p e r f o r m e d  by v a r y i n g  t h e  p o t e n t i a l  
d i f f e r e n c e  be tw een  t h e  p l a t e s  o f  t h e  low e n e rg y  a n a l y s e r .
4 . 3  E x p e r i m e n t a l  d e t a i l s  
4 .31  I n c i d e n t  i o n  beam
I o n s  o f  t h e  n o b l e  gas  a rg o n  w ere  g e n e r a t e d  i n  a d u o p l a s m a t r o n  
d e v e lo p e d  l o c a l l y  a f t e r  von Ardenne  ( 1 9 5 6 ) ,  Moak e t  a l  ( 1 9 5 9 ) ,
-  99
Burton (I960), Kelley et al (1961), Samson and Liebl (1962), Tawara 
et al (1964), Wroe (1967), Cleland and Kiesling (1967) and Christensen 
and Zaharis (1966). A mechanically simpler source than that described 
by Moak et al (1959) was constructed using readily available ferrite 
annular permanent magnets. The magnetic circuit cross-section was 
kept similar to that shown in figure 1 of the original article, while 
the anode aperture, intermediate electrode and extraction geometry 
was retained almost unchanged. The coolant channels and vacuum sealing 
were kept as simple as possible consistent with anticipated performance 
required. It was considerd that refinements such as copper insert 
anode (Kelley et al, 1961) magnetic extraction electrode (Burton, i960) 
and expansion cap extraction (Brooks et al, 1964) were not justified 
in this application. As it was a total beam current of 800 yA argon 
ions could be extracted at 10 keV which when focused (by the einzel 
lens) through an aperture of diameter 1 mm resulted in a beam current 
of 50 yA on the target. This current was achieved regularly in 
operation and was measured by using the collimator (C in figure 4.3) 
as a negatively biased electrode to suppress any secondary electron 
emission from the target. During operation the collimator however 
had to be kept at the same potential as the target to avoid perturbing 
the ion trajectories. The beam current was measured immediately 
before a sweep with a secondary electron suppression potential on the 
collimator; during a run the total target current (i.e. including 
electron, secondary emitted ion etc. contributions) was recorded on a 
strip chart recorder; and at the conclusion of the run the "suppressed" 
current was again measured. The recorded beam current variations were 
kept to within five per cent. That is, any trace which involved a 
current change of more than 5% was discarded and not used in the analysis.
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In all cases the variation between the ratio of the recorded current 
and the measured "suppressed" current for the "before the run" and 
"after the run" were constant to within 2%. That is while in just 
about every case the recorded current was 1.8 time the correct value 
for the beam current, the recorded current was a good indicator of 
the constancy of the actual beam current. It was apparent that the 
region around the target needed to be as unipotential as possible. If 
most of the excess of target current over the incident beam current 
were due to secondary electrons leaving the target then incident and 
emergent positive and negative currents respectively were almost 
equal. Consequently to first order the electric field in the vicinity 
of the target was not affected by the presence of the incident beam.
No attempt was made to mass (or charge/mass) select from the 
beam produced in the ion source. It was assumed that results similar 
to that quoted by Moak et al (1959) for hydrogen would probably apply 
when operated under similar conditions, and that for the noble gases 
the 15% spurious ions reported by Ciuti (1969) was probably typical.
In particular the voltage across the arc was kept as low as possible 
consistent with stable operation to minimise the generation of doubly 
charged argon ions. No detailed analysis of the beam composition of 
a duoplasmatron producing argon ions seems to have been published
I 1
although Christensen and Zaharis (1966) have measured 10% H fore
a helium arc.
The ion source was mounted directly on to the einzel lens, 
the first and third electrodes of which were kept at near ground 
potential. The beam extraction and acceleration potential was applied 
between the anode of the ion source and these two electrodes. The 
focusing potential (-900 V) was supplied by a highly stabilised supply 
(Fluke Model 408B) connected between the anode and the centre electrode
of the lens.
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The collimating electrode C (figure 4.3) served several 
purposes. Its prime tasks were to effectively limit the area of the 
target bombarded and to help define the divergence of the incident beam. 
The divergence of the beam from the ion source was estimated at less 
than 5 degrees. The einzel lens to ion source and target distances 
corresponded to an image to object ratio of four to one which reduced 
the divergence at the collimator by about the same factor and hence 
the divergence at the target was close to one degree. The collimating 
aperture took the form of a 1 mm hole drilled in replaceable inserts of 
diameter 3 cm and thickness 5 mm; the actual aperture being tapered 
at 60° on the exit side from 1 mm diameter to 1.7 mm diameter. This 
resulted in a rigid non-distorting insert with a minimum length of 
channel (approx. 0.5 mm) which could be readily replaced when the hole 
became too large due to sputtering by the incident beam. The inserts 
were usually of 304 stainless steel although when the targets were 
of iron and nickel an aluminium insert was used to ensure that 
sputtered products from the collimator did not affect the readings.
4.32 Vacuum system
The principal parts of the apparatus were housed within 
a cylindrical vacuum chamber of diameter 12” and height 9". The 
evacuation system comprised a *ULVAC PVD-300 two stage 300 1/m 
rotary pump, which was used as a roughing and backing pump; a **
CVC-6 BMS water cooled oil diffusion pump charged with +SANTAVAC-5 
poly-phenyl ether and a liquid nitrogen chevron baffle. All seals
* Japan Vacuum Engineering.
** Consolidated Vacuum Corp.
+ Monsanto Chemical Co.
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were either viton A or UHV copper gaskets. Pressure measurements 
were made with Veeco iridium filament ion gauge type RG-75 and 
Veeco thermocouple gauge type DV-IM.
A nichrome heating element was contained within the 
experimental chamber to allow a low temperature (-100°C) bake-out 
of the system.
The main flanges of the chamber were sealed by double 
1/8" viton A 0-rings with the space in between evacuated to backing 
line pressure. The use of guard vacuum techniques has been well 
described in the literature (double walled chamber construction, 
Rivera and Le Riche (i960), Ehlers and Moll (1960), and Metcalfe and 
Trahert (1962); pump-out between two seals: Hickman (1949), van
Heerden (1956), Heathcote and Read (1957), Kronberger (1958), Bridge 
and Buddi (I960) and a system similar to that used, together with an 
extensive investigation of the properties of viton 0-rings, has been 
described by de Csematony (1966, 1968). After a low temperature 
bake-out for 48 hours the base pressure was 1 x 10 8 Torr with the 
trapped system. With the ion source and lens mounted in the chamber 
a base pressure of 5 x 10 8 Torr was consistently attained. Some 
difficulties were experienced with the ferrite magnets of the source 
towards the latter stages of the work and the pressure within the 
chamber was often in the region 1 to 5 x 10 7 Torr. In operation 
(that is with an argon ion beam) the pressure in the chamber rose 
to between 0.5 and 2 x 10 5 Torr. This increase was shown by the 
residual gas analyser to be principally argon. The vacuum system 
is illustrated in figure 4.2.
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4.33 Target: mount and alignment
4.331 Polycrystalline targets
Polycrystalline molybdenum, aluminium, iron, copper, brass, 
and germanium were used as targets. In each case the target normal 
was set at 45° to the direction of the incident beam and the 
measurements on the sputtered ions were made at right angles to the 
incident beam. The angles of incidence and emergence are shown 
diagramatically in figure 4.4.
The copper, brass, iron and aluminium targets were all cut 
from one half inch diameter bar on a milling machine in order to get 
the angle of the bombarded face accurately at 45°. The surface in each 
case was mechanically polished, degreased and etched. The molybdenum 
used was in the form of sheets and these were attached to machined 
copper blocks by conducting epoxy resin. The surface was washed with 
a 10% HF solution followed by distilled water and drying.
The germanium specimens were sawn from a large single 
crystal ingot, etched in CP4-A, washed and dried. Because the surface 
of germanium is severely damaged by ion bombardment at the energy and 
dose used for these experiments it was assumed that after an initial 
irradiation the original single crystal had been rendered amorphous 
(at least on and below the surface from which the sputtered products 
originated).
4.332 Single crystal targets
Single crystals of copper, gold and germanium were prepared. 
The copper crystals were already in the Department before the project 
began and were discs 2 cm diameter and 5 mm thick with random
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orientation. The crystals as received gave the appearance of having 
been mechanically polished after sawing in that the one face was 
noticeably smoother than the other. Unfortunately no records were 
available of the treatment given to the crystals after arrival. Each 
disc was subjected to a severe etch (5 minutes immersion in hot 4:1 
nitric acid and water solution), washed in distilled water, dried and 
X-rayed by the back reflection technique. One crystal showed slight 
evidence of a single crystal diffraction pattern superimposed over an 
intense but diffuse background. This one was further etched and 
cleaned and again X-rayed. The single crystal-like pattern was much 
more pronounced. A third etch was sufficient to produce a good 
quality back reflection photograph. All the single crystal copper 
work was carried out on this crystal.
Gold single crystals were not available but it was possible 
to select an appreciable portion of one face of a polycrystalline gold 
specimen which appeared to be a good crystal. Back reflection X-ray 
photographs verified that^  as best could be judged by this technique, 
the part of the specimen used was essentially a single crystal.
The germanium crystals used were from two sources.
Ingots of n-type germanium of conductivity 10 ohm cm had been purchased 
from Monsanto. The alignment of these was checked and a smooth face 
polished on one end of the ingot using successively finer grades of 
silicon carbide powder and aluminium oxide powder, with the ingot 
attached to the plate of a ^Logitech polishing jig. The surface 
could be aligned to within one degree of the wanted principal
* Logitech Ltd., Dunbartonshire, Scotland.
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directions <100> , <110> , <111> by this apparatus. After the face
had been polished and oriented it was glued to a jig which permitted 
the ingot to be sliced parallel to the aligned face on a high speed 
diamond saw. Individual slices were then mounted on the Logitech 
jig, etched and checked for alignment. The crystal pieces were 
initially within 3 degrees of the wanted orientation. One face of 
each slide was then polished smooth and etched and its alignment 
adjusted during this process to better than one degree of the required 
direction. This procedure was repeated for the other side of the 
slice, which was finally diced into squares about 4 mm side by an air 
abrasive cutter.
The second group of germanium crystals were supplied by 
*A.W.V. Co. Pty. Ltd. and were surplus to their requirements for 
transistor manufacture. They came as n-type 10 ohm cm material cut 
into 4.5 mm square of thickness 0.2 mm and oriented within 3 degrees 
of the <111> direction. They were supplied in a polished and etched 
condition.
4.333 Target mounts
As stated earlier the polycrystalline specimens were either 
cut from solid rod or were attached with conducting epoxy resin to a 
cut rod. The shape of these targets is shown as part number 1 in 
figure 4.5a. The incident and emergent beam directions are labelled 
I and E respectively. Included in the illustration is the furnace 
element section 2, the stainless steel supporting member 3, the 
insulating support 4, and the connecting pieces 5 which attach 
the crystal mount section to the rotary motion feed-through 6.
* Amalgamated Wireless Valve Co. Pty. Ltd., Rydalmere, Australia.
tum
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The target blocks were milled with a shoulder \ inch side, which 
fitted flush against a corresponding face on the copper furnace 
mount. The distance between the point of impact of the ion beam and 
the locating shoulder was kept constant for all solid specimens. This 
minimised the number of vertical adjustments necessary when a specimen 
was changed. On some occasions after prolonged bombardment some of 
the specimens were refaced on the mill and a height adjustment made.
The most reliable method of ensuring that the specimen was at the 
correct height was to adjust for what appeared to be the correct 
position (i.e. setting the anticipated point of impact of the ion 
beam in line with the exit collimating system), bombard for sufficient 
time to mark the surface and check the position of the burn mark with 
the cathetometer. In all instances the specimen could be adjusted 
to within 0.005 inch of the required position.
The collimator for the incident beam is not shown with the 
diagram but it was constructed so that it could be removed and replaced 
without the target being shifted. It was also located precisely on 
centre each time by the shoulder 7.
The single crystal mounts (b. of figure 4.5) were made to 
be compatible with the furnace arrangement shown in the diagram. In 
this case however it was necessary to be able to align the crystal 
so that the beam was incident along a specific direction and at the 
same time ensure that the wanted ejection directions were capable 
of being presented to the measuring system. This was achieved by 
cutting the copper blocks so that the angle a corresponded to the 
angle between the normal to the face of the crystal and the normal 
to the planes on which the incident beam was to impact. For example
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if the target had been cut and polished so that its surfaces were 
(111) planes, and if the beam were to be incident normal to the (110) 
planes, a would be 35.26°. Alternatively for the same target if the 
incident beam direction were to be <100>, an angle a = 54.34° was used. 
In addition the crystals had to be oriented correctly with respect to 
this face. This was made possible by having the crystals themselves 
attached to one end of a stainless steel cylindrical sub-mount, the 
other end of which was recessed to take a hexagonal Allen key. A 
cylindrical hole with axis normal to the cut face was bored in the 
copper block. A set screw was let into the side of the block to 
allow the cylinder to be locked in position. A jig was used to rotate 
the cylinder and crystal about their common axis until the correct 
orientation was obtained.
4.334 Target orientation and alignment
There have been many reports (for example Southern et al, 
1963; Olson and Smith, 1966; Musket and Smith, 1968) in which it is 
suggested that the centre of the sputtered spots from single crystals 
do not quite coincide with the principal crystallographic directions 
of the target. Deviations ranging from several up to five degrees have 
been observed. In some instances it has been stated that these shifts 
have been due to the collection geometry and that use of spherical 
collecting surfaces restores coincidence between the axes of the 
crystal and the sputtered pattern (Schulz and Sizmann, 1968). To 
avoid this situation it was decided to orient the crystals initially 
using X-ray techniques then having mounted the targets verify the 
orientation by collecting ejection patterns. The target surfaces 
were prepared as described previously and mounted on the stainless
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steel submounts with conducting epoxy resin for the room temperature 
specimens and colloidal silver suspension for the ones which were to 
be heated. The mounted targets were then placed on an X-ray camera 
jig and oriented for the required double alignment (beam in, beam out) 
directions. Finally the mechanical alignment in the chamber was 
checked by measuring the position of the ion b u m  mark.
After the alignment of the specimen a mylar strip 0.003 x 
1.25 x 2.8 inch was inserted around the inside of the collimator 
cylinder. Several small pin holes were placed in the film by inserting 
a sharp pointed tool through the emergent beam slit in the collimator.
A circular glass disc with a central aperture was placed in the 
collimator above the crystal to collect the back sputtered material.
A total bombardment dose of approximately 1018 argon ions was used for 
most of the patterns. Typical alignment ejection patterns on the films 
from (211) faces of copper and gold are shown in figures 4.6a and b.
The position of the exit slit has been made more apparent by ruling 
a line through the pin holes. The corresponding patterns collected 
by the glass discs are printed in approximately their correct relative 
positions in the same illustration. This technique served as a 
simple but reliable check on the orientation of the system. It also 
indicates that the ejection patterns collected at the "centre line" 
of a cylindrical film do not deviate significantly from the principal 
crystallographic directions when copper and gold surfaces are 
bombarded non-normally, and when the collecting direction is at 
right angles to the incident beam.
4.335 Furnace
Because the collected ejection patterns from single 
crystals of germanium show marked temperature dependence (Macdonald,1970),
a.
b .
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a furnace capable of raising the temperature of the specimen above 
400°C was incorporated in the system. An insulating coating was 
produced on a length of nickel wire by electrically heating it in 
air for some hours at a high temperature. This wire was wound around 
the furnace block (2 in figure 4.5) and held in position by a thin 
coating of AREMCO 503 ceramic adhesive. The copper block was mounted 
on a thin walled stainless steel tube (3 of figure 4.5) which served 
to reduce the heat lost by conduction. The incident beam aluminium 
collimator was polished inside and doubled as a heat shield. The 
temperature was measured by a chromel alumel thermocouple attached 
to the copper specimen support near the target. A steady current of 
4.5 amp through the nickel heater maintained a temperature at the 
target of 425°C above ambient.
4.34 Mass and energy analysis of ions
4.341 Introduction
As stated earlier it was desired to measure the energy of 
the emitted particles within the range 0 to 500 eV. It was also a 
requirement that particles could be separated into their charge/mass 
groups. For example it was essential to distinguish between Cu+ , A+ 
and Cu^+ and to measure the energy spectrum of each of these ions.
The system of combined mass and energy analysis developed for these 
investigations overcomes the main problem associated with such 
measurements, viz the change of transmission coefficient with energy.
4.342 Mass filter
The advantages of the radiofrequency quadrupole mass 
filter for atomic beam working are well known. The availability of 
the electronic control unit and RF power supplies of a commercial
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residual gas analyser (*E.A.I. Quad 250) and the successful manufacture 
of quadrupole mass filter heads resulted in this type of mass 
analyser being used. The operation of the mass filter (developed by 
Paul and Steinwedel, 1953) is described in the review article by 
Pickanick (1967), and details of its mode of operation are treated in 
a novel manner by Brubaker and Tuul (1964) .
The RF unit was capable of operating at three frequencies 
in the range 1-5 MHz and with the radio frequency voltage variable 
automatically or manually up to 1200 V. The mass scale on the control 
unit meter was calibrated for heads with separation between rods of 
about \ inch, and with 6 feet of coupling cable. A mass filter was 
manufactured with the same inter-rod separation to allow the pre­
calibrated meter to be used to indicate the approximate mass number.
An internal adjustment of the meter control circuit then permitted 
the accurate calibration against known gases introduced into the 
chamber.
Figures 4.7a and b correspond to the output of the particle 
multiplier with the mass resolution control set at nominal "high" 
and "low” values respectively. The former case corresponding to the 
ready separation of mass peaks in the vicinity of mass 140 - 
presumably some diffusion pump oil fragments, and the latter to an 
argon peak (centred at mass number 40) so degraded that its 10% of 
peak height occurred at mass settings 36. That is at a resolution 
setting approximating that at which it was anticipated the filter 
would be used. The response of the mass filter with these two 
resolution settings for argon ions of different energy are shown in
* Electric Associated Inc., Palo Alto, California.
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figures 4.8a and b. These figures are representative of the energy 
band width of the mass filter for the particular settings of the 
resolution control. It is apparent that the allowable energy spread 
for a given change in response is very strongly dependent upon the 
resolution setting. In addition the mass filter is not an exception­
ally wide energy range device even at the lowest usable resolution. 
Consequently it was not feasible to perform mass and energy analysis 
by cascading a conventional spherical or cylindrical electrostatic 
analyser with the RF mass filter and cover the energy range in question.
The sensitivity, resolution and mass calibration of the 
mass filter were measured regularly. The only parameter which gave 
cause for concern was the sensitivity. This varied steadily throughout 
the experiments. The gradual loss of sensitivity was probably due to 
deterioration of the secondary emissive surface of the particle 
multiplier (EMI type 9603/2). Replacement of this unit resulted in a 
marked increase in sensitivity. When direct comparison between 
results was required sensitivity measurements were conducted to ensure 
that no significant change in gain occurred during the course of the 
experiments.
4.343 Energy analyser
The reasons why a spherical energy analyser operating 
conventionally could not be readily used in conjunction with a radio 
frequency mass filter have been stated in the previous section. A 
conventional retarding potential technique for energy measurement 
was also unsatisfactory unless the mass filter, which includes the 
electronics console, electrometer and recorder, were also floated up
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by the retarding potential. This latter suggestion was not acceptable
for several reasons^the principal one being that the width and
shape of the energy window would be determined by the mass filter and
as this is strongly dependent upon the resolution setting reproducibility
would be a problem. In addition however, the effect of increased
beam divergence as the retcirding potential was changed would make
precise transmission parameters hard to determine.
Some early measurements of energy were made based upon the 
retarding potential difference method (RPD) of Fox et al (1955) .
This method has been severely criticised (Frost and McDowell, 1955; 
Simpson, 1960; Anderson et al, 1967; Marmet, 1964), although most 
of the effect attributed to weak magnetic field would be more relevant 
to electrons than ions. In this particular case some difficulty was 
experienced with spurious zero and negative going beam intensities.
Some of this could be attributed to the effective variable phase 
shift of the signals caused by the differing times of flight through 
the apparatus of particles of different energies.
The method eventually devised comprised a fixed transmission 
energy spherical condenser analyser in combination with a pair of 
grids to which accelerating and/or decelerating .potentials could be 
applied. The relative positions of the source of ions (in this case 
the crystal target), the grids, 90° spherical analyser and mass filter 
are shown in figure 4.3 and identified by the appropriate letters.
The principle of operation is illustrated in the series of diagrams 
which comprise figure 4.9. Particles with initial energies E_^  leave 
the target and drift in a zero field region to the first of the 
two grids Hi. The whole of the region around the incident ion beam
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and the target assembly is enclosed in an electrostatic shield. A 
potential difference, labelled V can be applied between the two3.CC
grids. The singly charged particles on emerging from the grid
region into the entrance aperture of the spherical condenser have their
energy increased by an amount V electron volts. (The effect of thea cc
field in this region and the desirable shape of the grids will be 
considered shortly.) For any particular set of measurements V is3.CC
kept constant. If the voltages on the spherical analyser are
selected so that particles of energy W ± 3W are passed, and if the
central equipotential is at zero, only those particles falling within
this energy band will be transmitted. Figure 4.9a illustrates the
case when V was set at zero and b. where V was set to be acc acc
greater than W. If now a potential which sweeps slowly with time
from 0 to V, is connected in series with V , but with reversedec m acc’
polarity, then all particles from the target will have their energy 
reduced to W at some time and hence be transmitted. In effect the 
various initial particle energies are scanned through the analyser 
window (as illustrated in figure 4.9c).
A particle with initial energy LA will have energy
E. + V - V, at the entrance to the spherical analyser. This l acc dec r
will be transmitted if it falls within the energy window,
that is E. + V ii>ii acc dec
and E . = V, + W - Vl dec acc
An analysis of this energy spectrometer is given later. 
The energy W (from 10 to 40 eV) was selected to be within 
the energy range and resolution requirements of the mass filter.
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4.3431  S p h e r i c a l  c o n d e n s e r  e n e rg y  a n a l y s e r
The f i x e d  window a n a l y s e r  c o n s i s t e d  o f  p o r t i o n s  o f  two 
c o n c e n t r i c  s p h e r e s .  These were  m i l l e d  o u t  of  s o l i d  b l o c k s  of  
a luminium and t h e i r  s u r f a c e s  t e s t e d  f o r  s p h e r i c i t y  and r a d i u s  by 
means of  a d i a l  gauge h e l d  i n  t h e  m i l l i n g  mach ine  h e a d .  The r u n ­
o u t  i n  b o t h  f a c e s  was l e s s  t h a n  0 .001  i n c h  o v e r  t h e  whole  o f  e a c h  
f a c e .  S i m i l a r l y  t h e  r a d i i  were  w i t h i n  t h e  same l i m i t s  o f  t h e  d e s i g n  
f i g u r e  ( 2 .000  and 2 .5 0 0  i n c h ) .  The p a r t i c l e  d e v i a t i o n  a n g l e  was 
s e l e c t e d  to  be  90 ° .  Whil e  t h i s  i s  n o t  t h e  optimum a n g l e  f o r  minimum 
a b e r r a t i o n s  ( = 180° f o r  s p h e r i c a l  s u r f a c e s )  i t  was most  c o n v e n i e n t  f o r  
t h e  e x p e r i m e n t a l  a r r a n g e m e n t .  I t  p e r m i t t e d  t h e  i n c i d e n t  i o n .b e a m  t o  
b e  b r o u g h t  i n  p e r p e n d i c u l a r  t o  t h e  u p p e r  b a s e  p l a t e  w i t h  t h e  s p u t t e r e d  
beam i n i t i a l l y  p a r a l l e l  t o  t h e  b a s e  p l a t e  and t o  be  d e f l e c t e d  
p e r p e n d i c u l a r  t o  the  p l a t e  i n t o  t h e  mass s p e c t r o m e t e r .  T h i s  a l l o w e d  
t h e  t a r g e t ,  e n e rg y  a n a l y s i s  and mass a n a l y s i s  a p p a r a t u s  t o  be  
mounted on t h e  b a s e  p l a t e  b e f o r e  b e i n g  i n s e r t e d  i n  t h e  chamber .  A l l  
p o s i t i o n s  o f  t h e  v a r i o u s  p a r t  w ere  r e a d i l y  a d j u s t e d  and checked  w i t h  
t h e  a i d  o f  c a t h e t o m e t e r . T h i s  a b i l i t y  t o  e n s u r e  v e r y  a c c u r a t e  
m e c h a n i c a l  a l i g n m e n t  o f  a l l  a p e r t u r e s  was p r o b a b l y  a m a j o r  c o n t r i b u t i n g  
f a c t o r  to  t h e  r e p r o d u c i b i l i t y  o f  t h e  m e a s u r e m e n ts .
The a n g l e s  s u b te n d e d  a t  t h e  c e n t r e  o f  c u r v a t u r e  by  t h e  
a n a l y s e r  p l a t e s  w e re  made a c c u r a t e l y  90° and 6 0 ° .  I t  was a n t i c i p a t e d  
t h a t  w i t h  Herzog p l a t e s  (H e rz o g ,  1935;  W o l l n i k ,  1967) a t  t h e  i n l e t  
and e x i t  a p e r t u r e s  t h e  d e v i a t i o n  a n g l e  would  t h e n  be  g r e a t e r  t h a n  9 0 ° ,  
b u t  t h a t  some e x p e r i m e n t a t i o n  would  b e  n e c e s s a r y  t o  l o c a t e  t h e s e  
p l a t e s  c o r r e c t l y .  Hence i n s t e a d  of  r e d u c i n g  t h e  a n g l e  o f  t h e  a n a l y s e r  
s e c t i o n s  ( t o  -  87°)  so t h a t  t h e  t o t a l  d e f l e c t i o n  rem a ine d  a t  90° two
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sets of beam steering plates (Li, L2 , L 3, L 4 in figure 4.3) were 
placed between the analyser and mass filter quadrupole. Consequently 
any slight error in the angle of deviation of the beam or any 
deflection of the emergent beam from the plane defined by the incident 
ion beam, the wanted section of the sputtered beam and the axis of the 
mass filter could be eliminated. This was another advantage of 
keeping the energy of the particles being measured constant irrespective 
of their initial energy.
The properties of the spherical plate electrostatic analyser 
have been frequently discussed since it was first suggested by Aston 
(1919) (Schulz, 1960; Lassettre, 1965). One of the most useful 
treatments is that of Purcell (1938) although a more detailed and 
accurate discussion is that of Wollnik (1967). The angular response 
of the analyser is considered by Theodoridis and Paolini (1969) , and 
its operation in the high energy region is given by Gerholm (1956) 
and Rogers (1946, 1951).
If the electrodes have radii Ri and R2 and the mid surface 
radius is R then the potentials on the inner and outer plates (Vi 
and V2 respectively) are given by
Vi = 2W (1 - R/Ri) = -Wt/Ri if t = R2 - Ri,
V2 = 2W (1 - R/R2) = Wt/R2.
The potential difference between the plates is
v-Vi-v.-wt 4- + y .
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The ratio of the magnitudes of the voltages on the plates
is V i R2
rT
For Ri = 2,000; R2 = 2.500; R = 2.25; t = 0.50 inch.
Vi = -W/4
V2 = +W/5
and Vdf = 0.45 W.
In operation these potentials were obtained from a single floating
stabilised DC supply feeding a resistive divider of 4 Rohm and 5 Rohm
with the junction point connected to ground. The ratio Vi/V2 was
correct to better than 0.01% and stable after warm up to better than
0.2% over ten hours. A feature of the spherical condenser is its
point to point focusing (rather than point to line for the cylindrical
type) and that for non-relativistic energies the object point, image
point and centre of curvature are collinear. Purcell (1938) has
shown that to second order aberrations the optimum energy
resolution for a 90 degree analyser occurs when the distance of
the image to the centre of curvature is just twice that of the object.
As will be shown shortly the effective particle source position in
these experiments is not constant. However the energy resolution
changes only slowly with image distance/object distance > 2 (the
optimum) but begins to decline rapidly if this ratio is less than
one half. Consequently the distance from target to spherical
analyser was made 4.5 inch (2R) and the distance analyser to.entrance
of the mass filter just greater than R/2. An effective energy 
Wresolution, = 10 was sufficient for these experiments. With W set
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at 10 eV, and an energy window of ± 1 eV, measurements were made from 
near zero energy up to 160 eV, and with W = 25 eV particles with 
energy to 500 eV were measured. The uncertainty introduced in the 
measurement of energy by the size of the energy window was comparable 
to the magnitude of the total error due to drift in the beam current, 
mass filter, particle multiplier and electrometer combination.
Some preliminary measurements were made with a filter lens, 
designed after Simpson and Marton (1961), which was placed near the 
exit aperture of the spherical analyser. A small AC (0.1V) signal 
was applied to the central electrode and the output of the particle 
multiplier fed to a wide band amplifier and phase sensitive detector. 
By this means it was possible to use an RPD method to improve the 
resolution of the energy analysis system in low energy region.
Results of this were not as reproducible as required (probably due 
to the manner in which the device was made). An improved design would 
include gold plating of all electrodes with shielded gold wire leads 
in an attempt to eliminate contact potential and stray pick-up 
problems. Sufficient experiments have been performed however to show 
that within the energy range from 1 eV to 30 eV, energy measurements 
accurate to at least 0.1 eV are possible.
4.3432 Analysis of energy discrimination technique
The essential feature of the energy measurement technique 
was the use of a fixed energy analyser (which was made compatible with 
the mass filter) with an adjustable decelerating electric field to 
reduce the particle energies to that of the fixed analyser. Retarding 
potential methods must always be treated with caution because of the
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probable increase in angular divergence of the beam inherent in the 
technique resulting from a reduction in only some components of the 
particle velocity. This increased spread is often of little 
consequence when the ultimate collecting device has a wide 
acceptance angle. {Gustafsson and Lindholm (1958) (quoted by Bates,
1962, p704) maintain that retardation to energy less than 0.03 
of the initial energy is not practical in a lens system.} The 
focusing effects of grids and apertures on particles which undergo 
energy changes has been considered by Mendlowitz (1958), Orlinov (1961), 
Simpson (1961), and Simpson and Marton (1961). In particular if 
a particle with energy eVi is incident on the boundary between two 
potential regions Vi and V2 at angle oti , the emergent angle a2 
is given by
/Vi sin ai = /V2 sin 062
(Owen and Keaton, 1967). If all particles originated from a point 
source their trajectories would be everywhere normal to a system of 
spherical retarding grids concentric with the source. In which case 
the presence of this radial electric accelerating or decelerating 
field would change only the magnitude but not the direction of the 
particle velocities.
While in these particular experiments the target was 
irradiated in "one spot" the area bombarded was still of some finite 
size. The angular extent of the detected sputtered beam was restricted 
to a cone of half angle one degree by two collinear holes of radius 
0.026 inch (No 55 drill) and 0.070 inch (No 28 drill) located 1.5 
inch and 4.0 inch respectively from the target. The one millimetre 
diameter spot on a target canted at 45° to the incident beam
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and t h e  l i n e  of  t h e  a p e r t u r e s  s u b t e n d s  a  h a l f  a n g l e  o f  a p p r o x i m a t e l y
r e t a r d i n g  g r i d  c o n c e n t r i c  w i t h  t h e  m i d d l e  o f  t h e  t a r g e t  w i l l  s t i l l  
i n c r e a s e  t h e  s p r e a d  o f  t h e  beam.
I f  t h e  w o r s t  c a s e  i s  t a k e n  t o  be  t h a t  where  t h e  r e t a r d i n g  
f i e l d  e x i s t s  be tw een  p a r a l l e l  g r i d s  n o rm a l  t o  t h e  l i n e  o f  c e n t r e s  
o f  t h e  t a r g e t  and a p e r t u r e s ,  t h e  c a l c u l a t i o n s  of  beam s p r e a d  ( t o  
f i r s t  o r d e r )  a r e  s t r a i g h t - f o r w a r d .  The u se  o f  p r a c t i c a l  s p h e r i c a l  
s e c t i o n  g r i d s  would r e s u l t  i n  even  l e s s  s p r e a d .
F i g u r e  4 .1 0  shows t h e  r e l a t i o n s h i p  b e tw een  im p a c t  p o i n t ,  
em e rgen t  beam d e f i n i n g  a p e r t u r e s ,  t h e  s p h e r i c a l  s e c t i o n  g r i d s ,  t h e  
90° s p h e r i c a l  a n a l y s e r  and t h e  e n t r a n c e  a p e r t u r e  o f  t h e  mass f i l t e r .  
F i g u r e  4 .11  r e p r e s e n t s  t h e  same a r r a n g e m e n t  b u t  w i t h  p l a n e  r e t a r d i n g  
g r i d s  and t h e  a n g l e s  e x a g g e r a t e d  f o r  e a s e  o f  i d e n t i f i c a t i o n .  I n  
p a r t i c u l a r  t h e  s e p a r a t i o n  ( s )  b e tw e e n  t h e  g r i d s  i s  v e r y  much o u t  o f  
p r o p o r t i o n  (s  = 0 . 1  i n c h ,  w h e r e a s  Z = 2R = 4 . 5  i n c h ) .  Fo r  
s i m p l i c i t y  t h e  second  g r i d  (H2 ) i s  assumed t o  be  l o c a t e d  a t  t h e  
e n t r a n c e  o f  t h e  s p h e r i c a l  a n a l y s e r ,  a l t h o u g h  i t  i s  sp a c e d  0 .1 2  i n c h  
from t h e  a n a l y s e r  and forms p a r t  o f  t h e  i n l e t  Herzog  p l a t e .  The 
t a r g e t  i s  d i s t a n c e  Z^ f rom t h e  e n t r a n c e  o f  t h e  90° s p h e r i c a l  
a n a l y s e r .  The image d i s t a n c e  from t h e  e x i t  o f  t h e  a n a l y s e r  i s  Z1 , 
w i t h  (Wooln ik ,  1967,  e q u a t i o n  2 1 ) ,
0 . 3 °  a t  t h e  second  a p e r t u r e .  C o n s e q u e n t l y  even a p e r f e c t l y  s p h e r i c a l
l
f
where  f  = 1 /p  s i n  p cj),
and h = (1 -  cos  p 4>)/p s i n  p cf>
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and where
p = 1, and $ = angle of the analyser (Woolnik, equation 18, 
= 90° in this case, table I)
with all distances in Woolnik's equations being given in units of 
the mean radius of curvature of the analyser.
Hence 1 =
o
from which it follows £ £* = 1,o
(or if £ and £* are not measured in units of the radius £ £* = R2).o o
This convention is used in these calculations.
The parameters of the analyser used were
Mean radius = R = 2.250 inch
Outer radius = R2 = 2.500 inch
Inner radius = Rj = 2.000 inch
Half width of analyser = b = 0.250 inch = R/9
Target position = £q = 4.5 inch = 2R
Radius of beam defining aperture (in grid Hi) = CX2
Maximum angular deviation of non retarded beam = aQ = 1°
Angular deviation of beam after deceleration = ai
Target to analyser distance = £q = 4.5" = 2R
Virtual object to analyser distance = £1 = £^
Particle energy on leaving target = E_^  = V^e
Particle energy after passing H2 = Vie
Mean pass energy of analyser = W.
A particle with inclination aQ, and energy eV^ will emerge
from grid H2 with energy eVi and have inclination cxi , where
usin a = (Vi/V ) 2 sin ai,
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and where
tan a = a2/£ o o
and
tan Oil ~ a2/£i
since S << £ , £j o
and therefore £ tan a = £1 tan ai. o o
For the small angles considered 
ai - (Vo/Vj) 2 aQ
and £1 = i a /ai = (V /ViY'1 i .o o o w  o
The analysis of Purcell can be extended to derive a 
relationship between the distance (£^)from which the particles 
originate (or appear to), and the maximum angular divergence 
(a^) of a beam which is just passed by an analyser of mean radius 
R and plate separation 2b.
For a spherical analyser the source, centre of curvature 
and image are collinear. Instead of treating the case of an analyser 
fixed in space with the particle source at varying distances from 
the entrance aperture it is more convenient for this analysis to get 
the equivalent situation by considering a fixed reference line 
through the centre of curvature, and for the entrance aperture to 
make a series of angles (y ) with this line. All object and image 
points will lie along this line, and each angle corresponds to a 
different source to analyser distance. Several such points, with 
their image points are shown in figure 4.12 from which it follows
£^/R = tan y^.
F
ig
. 
4.
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If the orbits are circles (or portion thereof) the arc which just 
clears the outer plate has the equation
x2 + (y - b)2 = R2,
while the innermost one is
x2 + (y + b)2 = R2.
The radial distances of these two curves from the centre of 
curvature of the analyser are R2 and Rj respectively,
with R2 = (x| + yi) 2
and Rx = (x2 + y2) 2
where (xj, yi) and (x2, y2) are the corresponding points on the 
two circles.
The radial distance between these corresponding points 
is R2 - Ri = (R2 - R^/CRj + R2) ,
with R2 = (x2 + y2) = R2 - 2 yx b - b2
and R2 = R2 + 2 y2 b - b2.
Hence R2 - R: = 2 b (y2 + y^/CRj + R2) .
But yi = Ri sin 0  ^and y2 = R2 sin 0_^; if 0_^ is the angle betx^een 
the reference line and the radial position being considered. If the 
points under consideration (xi, yi) and (x2, y2) are on the entrance 
plane of the analyser then
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and hence R2 - Ri = 2 b (Ri sin y + R sin y )/(Ri + R2)
= 2 b sin y ..1
These two points (xi yj) and (x2 yz) represent the
position at the entrance of the analyser of two particles
originating from £ , which just get through the analyser.
That is tan a. m = (R - R )/2 £. = b sin y./£.
1 1 1 1
= (b cos y )/R
= b sin (arc tan £_^/R)/£ .
If however all particles began at distance £ with energy V ,o o
and were decelerated to energy , and therefore
come from £., then since /v sin a = A^i sin a_^1 0 0
and £ tan a = tan a.0 0 1
b tan a. sin (arc tan im £0 tan a , 0tan a, £ tan a o o
which, with manipulation gives
tan a. = £ tan a cot (arcsin (£ tana /b)} /R
which can be written as, tan a. = k tan a ,
y im o
For the specific apparatus used
a = 1 £ = 2R and b = R./9o o
and therefore tana. = 6 tan aim o
i. e. a. - 6 a  im o
and hence Vq = 36 V = 36W, (for the particle to pass through the
analyser).
TABLE 4.1
ao k a.im (VV
2 2.5 2.9 2.6 6
1 6.0 6.0 6.0 36
0.5 12.6 6.2 12.0 144
0.2 31.8 6.2 31 960
0.1 63.6 6.2 62 3800
TABLE 4.2
0.25
63.6412.63 31.78
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Table 4.1 lists values of the multiplier k, 
u(V^/V^)2 and (Vq/V\) for values of from 2 degrees to 0.1 degrees,
for Z = 2 R, and b = R/9, while table 4.2 lists values of V for o ’ ’ o
the same for several values of W(i.e., V\).
It will be readily noticed that a. has a maximum valueim
(for this analyser) of 6 degrees, and that by limiting to
0.5°, the ratio V^/V^ is approximately 140, and hence measurements
of initial ion energy up to 1400 eV are possible with an analyser
set to pass 10 eV particles with a resolution of ± 1 eV. The
value ct^  = 1° was chosen for these experiments to ensure that the
apparatus had sufficient sensitivity and to reduce the need for
elaborate mechanical alignment devices. As a further precaution
the ratio V /V. was restricted to 4 2 = 16, instead of the maximum o i
calculated values of 6^  = 36 based upon this simplified analysis. 
Hence energy scans to 160 eV for W = 10, and 480 eV for W =
30 ± 3 eV were possible without seriously affecting the transmission 
efficiency of the apparatus. In addition the increase in angular 
divergence would be even less for spherically shaped retarding grids. 
Consequently if the exit conditions from the spherical analyser are 
ignored for the time being, it is apparent that the initial energy 
(V^ ) of particles within a one degree cone can be reduced by a 
factor of 62 by potentials applied to parallel retarding grids and 
still be transmitted by the analyser, even though the cone angle 
has been increased by 6°. The maximum particle acceptance angle 
(a ) for this system based upon the angle subtended by the energy 
analyser at the target appeared to be limited to just greater than 
2 . The increase in acceptance angle arises because one effect of
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the retarding potential is to shift the virtual object point much 
closer the analyser and for particles from these points the 
analyser convergence is greater resulting in an apparent increase 
in width of the analyser. In fact it is these properties which 
render the combination of these two methods of energy analysis 
so useful.
If instead of a retarding field, an accelerating field 
were used, the angular divergence of the beam would be less than 
and therefore would be passed by the analyser.
The effective exit aperture of the spherical analyser 
was the entrance aperture of the mass filter. This comprised a 
circular hole of diameter 0.2 inch and was located 1.8"
(=0.8R) from the analyser. This was the location for focusing 
for the mid point between the target (ß = 2R) and the virtual 
source (&i = R/2) when V^/Vj = 16.
The energy resolution of the spherical analyser depends 
upon the magnitude of the inlet and exit apertures and also the 
aberrations introduced by the analyser. Purcell (1938) gives an 
expression (corrected for energy dispersion rather than velocity 
dispersion) for the limiting first order resolution (A) for a 
diminishingly small receiving aperture in terms of the entrance 
angle a and the distance object to centre of curvature (p) and 
the distance image to centre of curvature (q).
1/A = a2(1 - p/q + p2/q2)
This is a maximum for q = 2 p (and therefore &i= R/2 and %\ = 2R) , 
the situation when in this case ai is a maximum at 4° (0.007 rad)
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which corresponds to the largest retarding field.
A = 4/3a2 = 270.
When q = p/2 (& = 2R, Ü ' = R/2)o o
A = 1/3 a2, with a = a =1°o
o O- 10 (greater than the "maximum" value because a = 1 
instead of 4°).
These values are to be compared with the design requirement of 
W ± 6W to be 10 ± 1 eV. It follows then that if the receiving 
aperture were placed at the optimum position each time at least 
to first order, aberrations would not seriously limit the available 
resolution. Similarly for the sizes used the magnitude of the 
inlet aperture is not a serious limit to the resolution. In effect 
the resolution is mainly determined by two factors, the inlet 
aperture of the mass filter and its location.
If A = W/6W = R/dR with R = 2.25 inch and
dR = 0.2 inch (mass filter inlet 
aperture)
is taken as giving the total energy window ÖW, then A = 11 and
when W = 10 eV, the pass band is 10 ± 0.5 eV. Probably it is not
too much in error to assume that the energy window is not larger
than ± 1 eV up to 160 eV particles. If the pass energy of the
spherical analyser were set at 29 eV (V = 12V) then the energydr
window becomes ± 3 eV up to approximately 500 eV. By making the 
grids Hi and Il2 approximately spherical in shape and centred on the 
target the effective angular divergence of the incident particles does 
not change as much (and by the same token, the virtual object point
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does not shift as near to the analyser to compensate for the 
increased divergence). It is considered a reasonable assumption 
that the energy resolution is not degraded as much by the radial 
retarding field as it is by the field produced by plane electrodes.
The angular acceptance angle of the mass filter is 
relatively high, (Brubaker and Tuul, 1964) but depends upon the 
distance from the principal axis that the particles enter and their 
energy, or more specifically, the transverse component of momentum. 
In this apparatus the energy spread of the ions entering the mass 
filter is the same as that of the spherical analyser and lies 
between 1 and 3 eV. Brubaker’s paper shows that the acceptance 
angle of a mass filter with similar relative dimensions as the 
one used is at least ± 10°. It is apparent from figure 4.12 
that the divergence of the mass filter inlet beam at no stage 
closely approximates to this figure. Consequently the mass filter 
characteristics under a given set of operating conditions do not 
depend upon the primary energy of the ions emitted from the target 
under investigation.
4.3433 Calibration of energy analyser
Because no low energy ion beam was available to act as 
a calibration source for the energy analysis equipment an electron 
beam was used instead. An electron gun from which beams of varying 
energy could be extracted was placed at the position normally 
occupied by the sputtering target and interconnected so that the 
decelerating potential could be applied to it. The gun comprised 
a hair pin tungsten filament mounted inside a hollow cylinder with
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its tip a short distance (1 mm) from the end disc which had an 
axial hole of diameter 1 mm, the whole acting as a Wehnelt 
cylinder, and an anode consisting of three discs insulated from 
each other and spaced 2.5, 3.0 and 3.5 cm from the cathode and 
with 1.5, 1.0 and 1.5 mm diameter collinear apertures respectively.
The gun was operated in a space charge limited mode 
because the current under a given set of operating conditions 
was found to be much more stable. However a change in electron 
energy was then accompanied by a change in electron current and 
the spatial distribution of the current. This was allowed for by 
using the three piece anode. Most of the current to the anode 
was collected by the first of the three discs. The centre disc, 
the hole in which virtually defined the angular spread of the 
beam entering the analyser, collected some of the current (because 
of its smaller aperture), while the current in the third disc 
was essentially zero. The geometry of the apertures was such 
that approximately one half of the current passed by the first 
aperture (which subtended a half angle - 1.6° at the electron source) 
impinged on the central disc, and the other half penetrated through 
the aperture (subtended half angle 1°) to the analyser. The third 
disc of the anode served as an electrostatic shield for the central 
disc. The current intercepted by the central disc was taken as 
being, at all times, proportional to the current passing through the 
hole. This was checked by replacing the last disc by one whose 
aperture was enclosed by a one inch long cylindrical Faraday cup 
and comparing the currents in the centre and third disc for a range 
of electron energies. The proportionality held to within 5% for 
the range 100 to 1500 eV.
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The behaviour of the calibration system tended to be 
unpredictable and generally not repeatable for low electron energies. 
For electron energies above 100 eV however the calibration worked 
well and as a result this was the energy at which the spherical 
analyser was tested. It corresponded to 45 V being applied between 
the analyser plates. It was assumed that for ions the analyser 
performed satisfactorily at low energy and that the system could 
be scaled down for analyser pass energies less than 100 eV. For 
example, the response characteristic for ions reduced in energy 
from 150 eV to 10 eV, with the spherical analyser set to pass 
10 eV ions, would be similar to that for electrons reduced from 
1500 eV to 100 eV, with the spherical analyser set for 100 eV, with 
due allowance for the change in width of the energy window of 
course.
The method of getting a variable energy electron beam 
and simultaneously applying a suitable deceleration potential is 
illustrated in figure 4.13. With the anode at ground potentials and 
V = 45 V, the filament-anode potential was adjusted (98 V) for 
maximum current into the Faraday cup. A variable potential V was
cl
then applied between the anode and ground. This served the dual 
purpose of increasing the energy of the electrons from the gun and 
also supplying a retarding field between the two grids. Figure 
4.14a shows the ratio of the current collected by the Faraday cup 
of similar inlet dimensions to the mass filter aperture, to the 
current measured at the central anode disc, for electron energies 
in the range 100 to 1500 eV. The plotted points are each the mean 
of a least 5 readings and the error bars indicate the total spread 
of the readings at each point. It is apparent that the angular
>Fi
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aperture does not change substantially throughout this energy 
range. The shape of the energy window of the spherical analyser 
was measured by varying the potential applied between the filament 
and anode of the electron gun. The response is shown as the solid 
line in figure 4.14b. The dashed line corresponds to the change 
brought about when a retarding grid with 96.2 volt applied to it 
was inserted between the analyser and the Faraday cup. Its 
application to measurements on the neutral spectrum will be 
explained later.
4.35 Detection of neutral particles
Some of the experiments in which the sputtered neutral 
beam has been ionised and detected by mass spectrometry have been 
described. However the conditions for the experiments reported 
here differed in several major ways from those performed previously. 
It was desired to retain the same angular and energy resolution 
for the neutrals as for the ions. The high angular resolution places 
severe limits on the number of particles available for ionisation 
without having a very significant effect on the background gas 
contribution to the measured current. High energy resolution has 
a similar effect on the number of particles available to the mass 
analyser with an added restriction that the time a particle stays 
within the ioniser and hence the probability of ionisation depends
-hon E . A particle with energy 1 keV has only 0.005 the chance of 
being ionised under given conditions as a similar one at room 
temperature. Further the yield of neutral particles falls quite 
rapidly as the energy increases so that the particle density at 
1 keV is only 2.5 V 10 5 that at 5 eV. But perhaps most importantly
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the energy distribution of the particles must suffer the least 
perturbation by the ionisation process, (or alternatively the 
relationship between the energy spectrum of the emerging ions 
and the incident neutrals must be known) to permit meaningful 
conclusions to be drawn about the energy distribution of the neutrals. 
An order of magnitude assessment of the number of ions available to 
the mass filter can be made from published figures. A copper atom 
yield of 5 atoms per 10 keV argon ions (Rol et al, 1960) would 
result in 4 x 109 atoms/sec in a cone of half angle one degree for 
an incident beam intensity of 10 yA. If the sputtered particles 
had an energy distribution similar to that measured by Thompson 
(1968), that is rising linearly from zero to a peak at say, 5 eV 
then falling as E 2 there would be 2 x 104 atoms/sec within an 
energy window at 3 eV at 500 eV. A Weiss (1961) ioniser with an 
efficiency of 0.4% for room temperature gases {the value 1/40 
quoted by Weiss is in error due to an incorrectly defined solid 
angle (Bickes and Bernstein, 1970)} would result in count rates 
of approximately 6, 25, 150, 600 per second at 500, 250, 100 and 
50 eV respectively. These would be detectable by pulse counting 
techniques but not so readily with an electrometer method. However 
the contribution of the background gas would more than swamp the 
wanted signal. Several stages of differential pumping would be 
necessary to reduce the argon level sufficiently and adequate 
foreline trapping would be essential (Holland, 1970). The now 
conventional approach of pulsing the incident argon ion beam and 
the ioniser electron current would also aid substantially in 
reducing unwanted components.
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The matter of the change in energy of an atom as it 
becomes ionised could pose a much more serious problem in using the 
ions to determine the energy of the neutrals. Once ionised the 
particle would be able to interact with the charges and electrically 
biassed electrodes in the vicinity and in the process undergo energy 
changes. If an electric field were used to extract the ions once 
formed then the energy of the ion on emerging would depend upon the 
position within the ioniser the charge state change occurred. A 
novel approach to this difficulty was devised. The particles of 
initial interest had energy greater than one electron volt. Their 
kinetic energy could be used to render them largely self extracting 
from the ionisation region. A Weiss (1961) ioniser was used because 
in addition to its inherently large electron current leading to 
high probability of ionisation the region occupied by the electron 
space charge produced potential minimum was quite extensive and 
essentially uniform within the confines of the beam of these 
experiments.
The arrangement of the ioniser in relation to the system 
used to measure the energy of the sputtered ions is shown in 
figure 4.15. A screen (S.S.) to suppress the ions produced in the 
sputtering process was inserted between the target and the ioniser 
which was mounted on the deceleration grid Hi. The ioniser was 
modified by inserting in the electron stream another mesh which 
was used as a control grid to stabilise the current collected by 
the anode sections. Further a pair of inlet and exit apertures 
(each covered by a mesh) was added to the ionisation chamber and 
maintained at near the potential minimum to ensure that the ionisation
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volume was as near unipotential as possible. The inclination 
between the two anode sections could be adjusted ± 10° to produce 
an internal forward (in the beam direction) or reverse extraction 
field. This was aimed at reducing the number of ambient gas ions 
fed into the energy analyser by expelling them in the opposite 
direction to the self-extracting ions. However it did not prove 
satisfactory and a reversible extraction field was produced by 
keeping the anode sections parallel and replacing the indirectly 
heated unipotential cathode by a single strip electron emitter.
The D.C. heating potential of 2.5 V became the effective extraction 
potential.
By recording the energy spectrum of the ambient argon gas 
after it had been extracted from the ioniser it was possible to 
determine the energy spread produced by the ionisation process. The 
way in which this was used to deconvolute the measured energy 
spectrum of the sputtered copper neutrals by a Fourier transform 
method is explained in chapter 5.
A further significant advantage of using a self-extracting 
ioniser which produces a very small spread in the ion energy is the 
ability to discriminate against the background gas (Schmidt- 
Bleek et al, 1969). In the higher energy region (that is when the 
sputtered neutral has initial energy > W, the spherical analyser 
pass energy) there is a nett retarding potential between the 
grids Hi and II2 . If the ambient gas ions acquire less energy than 
this retarding value they will not penetrate to the spherical 
analyser. The skirts of the spherical analyser response curve 
extend for some appreciable way and cannot be relied upon to suppress
Fig. 4.16
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completely the relatively large currents produced. The retarding 
field discriminates against such ions much more effectively.
When the ions from the wanted beam have energy less than W and 
therefore are accelerated into the analyser the ambient gas ions 
are also. Under these conditions a retarding potential placed upon 
an electrode after the spherical analyser and before the mass 
filter (such as shown in the dotted line of figure 4.14b) will 
prevent most of the unwanted low energy ions from being measured. 
The suppression of the argon ions by a factor of more than 104 
is shown in the series of mass spectrometer scans of figure 4.16. 
The argon component in which is found by multiplying the peak 
height by the electrometer setting given. With the mass spectro­
meter adjusted for say, mass number 60, the suppression is of 
course even greater.
Neutral beam detectors of similar characteristics and 
configurations but without the energy analysis equipment have been 
described recently by Bickes and Bernstein (1970) and Lee
et al (1969).
CHAPTER 5
RESULTS AND DISCUSSION
5.1 Introduction
The need for adequate mass discrimination in scattering and 
sputtering experiments is illustrated in figure 5.1. These are mass 
scans of ions of fixed energy arising from the bombardment of a 
polycrystalline copper specimen by 10 keV argon ions. The ambient 
gas pressure was 5 x 10 8 Torr prior to irradiation and was due 
mainly to water vapour, rising to 5 x 10 6 Torr with the ion source 
running, the increase resulting from argon ions leaking from the
source to the experimental chamber. The contribution due to mass
+ +40 (A ) at the lower energies greatly outweighs that of the Cu peaks.
At higher energy (> 20 eV) the copper peak dominates, although the
component in the total ion current due to doubly charged argon
(which appears as though it had mass number 20) is almost as large
as that of the copper. Very few mass numbers contribute significantly
to the ion current.
Figure 5.2 curve A is an energy spectrum of the mass 40 
component which was scattered in the ionised state at 90° to the 
incident beam direction by the copper target. The angular extent 
of the incident beam was approximately one degree and with the 
acceptance angle of the energy analyser of the same magnitude the 
energy retained after a single collision by a 10 keV argon ion is 
about 4 eV. A similar energy would be involved for a charge changing 
collision between the high energy ions and the ambient gas molecules.
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Either (or both) mechanisms is consistent with the bulk of the 
measured spectrum. Such single collisions however do not account for 
the high energy components of the argon ions. Small quantities 
(- 10% of the copper ion peak) of argon ions persist up to energies 
of 500 eV and the shape of the energy spectrum is very similar to that 
of the copper ions which is described below. This is indicative of 
the argon which has been absorbed or implanted in the copper surface 
and is itself sputtered. The origin of the doubly charged argon is 
not clear: there is little of it at low energies where the A+ is a
maximum while the relative contribution at higher energies is greater
+  -H-than that of the singly charged ion. The yield of both A and A 
was slightly affected by the ambient gas pressure but by no means 
linearly. Thus while some of the ions may have originated from 
ionisation of the surrounding gas by the incident beam this would 
account for less than 20% of the total measured argon. Also shown
on this figure as curve B is that reported by Stanton (i960). The
•
general shape of the two curves is similar. The shift in energy is 
probably due to the different scattering angle as well as the 
uncertainty of the zero of energy in the latter results. Without 
some adequate means of separating the contribution of the argon to the 
total ion current the measured currents would not be representative 
of the sputtered ions, except for energies greater than say 30 eV.
5.2 Polycrystalline copper targets 
5.21 Introduction
For all polycrystalline targets the surface was at 45° ± 1° 
to the incident (and emergent) beam. Most experiments were conducted 
with argon ions of energy 10 keV impacting on an area of 1 or 2 mm
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diameter. Beam currents were from 10 to 50 yA which corresponded to 
current densities of the order of 5 x 10 A cm 2 . In general four 
kinds of data presentation are used. These are:
(a) linear plots of the number of particles falling within
a given energy window as a function of energy (or 
deceleration potential, ),
(b) log/log representation of the data of (a),
(c) the number of particles falling within a given energy 
window at a particular angle to the crystal surface, 
usually relative to the direction of the projected 
normal, which is the projection of the surface normal 
on the emission (azimuthal) plane,
(d) the data of (c) plotted with polar coordinates.
5.22 Linear display energy spectra
The effect on the total ion yield of the target surface 
has been investigated by Andersen (1969) and Datz and Snoek (1964) 
who also observed the energy spectra of emitted ions in the regime 
near that of the incident energy. This investigation was more 
concerned with sputtering as such and the relationship between the 
ions and the known neutral emission and was therefore confined to 
ejection energies of 500 eV or less. The effect on the energy spectrum 
of the cleaning up of a representative copper surface is shown in 
figure 5.3. This constitutes four energy scans from 0 to 140 eV 
at approximately equal time intervals spread over 30 minutes. Some 
initial bombardment (- 5 min) took place in the process of adjusting 
the apparatus for steady performance. The chamber had been vented
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with air, the target holder removed and the chamber closed and 
pumping commenced, with the pressure being up at atmosphere for less 
than two minutes. It took approximately 30 minutes to mount and 
accurately align the specimen which were polished, etched, washed 
and dried immediately before mounting. The chamber was again exposed 
to air for the two minute period when the specimen was inserted. The 
system was allowed to pump for approximately four hours by which time 
the pressure was < 10 7 Torr. This would have been the procedure 
for just about every target change. Apart from the largely un­
measurable changes that occurred in the first few minutes of bombardment 
the curves of figure 5.3 are also representative of most targets.
However it is apparent that at 11 yA of ions through a 1 mm aperture 
the surface conditions are well stabilised after 30 minutes. In 
most cases a preliminary bombardment for 60 minutes was used. The 
exceptions were those cases where the beam current was high (> 20 ]iA) 
for which the stabilisation time was reduced. There were still 
situations in which even after prolonged bombardment the results were 
subject to inexplicable variations. These did not exhibit any regular 
pattern and were not used in the analysis.
Most significantly the energy spectrum (both in form 
and absolute magnitude) at high energies well removed from the peak 
value was unaffected by the bombardment. That is for the higher 
energy particles the surface state does not seem to play much part.
The low energy region which is affected changes quite appreciably in 
shape and in particular the energy of the peak can undergo substantial 
variation. It seems therefore that this peak value for the ions may 
not have the same significance in relation to say the binding energy 
as for the neutrals (Thompson, 1968).
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After the surface stabilisation a typical energy spectrum 
of Cu^  from copper has the appearance of figure 5.4. The observation 
direction in this instance was in the plane containing the incident 
beam and the surface normal (i.e. in the direction of the projected 
normal). The abscissa in this case is the decelerating potential.
The particle energies as they leave the surface are obtained from 
this by adding (W - V ) = (9/4 V,f - V ), which for this curve 
is equivalent to subtracting 22.0 eV. The subsidiary peak which 
occurs at near the zero of energy appears on almost all the traces for 
all targets. A shift in the mass filter setting away from that 
corresponding to the target material results in the peak disappearing 
at the same rate as the rest of the spectrum thus identifying the 
ion being measured as that of the target rather than some surface 
contamination. In addition when the target height was adjusted so 
that the incident and emergent beams were no longer at right angles, 
but with the potentials on the beam steering plates into the mass 
filter readjusted for maximum transmission the height and width of the 
subsidiary peak increased substantially while that of the main part of 
the spectrum decreased slightly. It was uossible by grossly mal- 
adjusting the target position to cause the two regions to overlap.
A possible explanation of this peak is that it represents 
single collision scattering through 90° as suggested for the argon 
ion results. It was not possible to make sufficiently precise 
measurements of the incident beam divergence and the shift in 
scattering angle associated with changing the target position (nor 
again to change the target height sufficiently) to unambiguously 
identify the. peak with that due to single collisions. The fact that
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the surface binding energy (3 to 5 eV) was probably a major factor in 
determining the energy of ejection of the particles which made up the 
peak render calculations of the expected number uncertain. A thermal 
spike mechanism is another possibility but this would not account for 
the variation with specimen position. The secondary scattering of 
sputtered ions from the walls of the collimator is another possibility.
This very low ion energy peak does not appear to have been 
reported earlier by workers who used mass analysis in their ion spectrum 
measurements. The characteristics of the peak relative to the rest 
of the spectrum did not change markedly for a range of incident beam 
currents down to several micro-amperes, it was present for all targets 
and was consistent from scan to scan and showed up in angular as well 
as energy scans (that is, measurements taken under quite widely 
different conditions) that it was considered a real and not an 
instrumental effect. Some of the earlier work of this investigation 
did not reveal this low energy structure. As a result of some 
anomolous behaviour in experiments to suppress the ion emission from 
the target it was appreciated that some of the particles were rebounding 
from the surface of the electrostatic analyser. This effect was cured 
by coating the analyser surfaces with a layer of porous gold. The 
low energy component appeared after this treatment.
There has been much variation in the reported shape of the 
sputtered ion measurements in this low energy region. Jurela and 
Perovic (1968) show an almost constant yield in the same energy 
regime rather than a peak. A similar flat portion was discovered 
by Kirchner and Benninghoven (1964) for aluminium ions from an 
aluminium-magnesium alloy but not for the same ion from pure aluminium.
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F u r t h e r  t h e  shape  o f  t h e  s p e c t r u m  i n  t h i s  low e n e rg y  r e g i o n  
was i n f l u e n c e d  by any e l e c t r i c  f i e l d s  i n  t h e  v i c i n i t y  o f  t h e  t a r g e t .  
D u r in g  e x p e r i m e n t s  t o  s u p p r e s s  t h e  s e c o n d a r y  e l e c t r o n  e m i s s i o n  from t h e  
beam c u r r e n t  m easu rem en ts  a n e g a t i v e  p o t e n t i a l  o f  45 V r e l a t i v e  to  
t h e  t a r g e t  was p l a c e d  on t h e  c o l l i m a t o r .  T h i s  had t h e  e f f e c t  o f  
c a u s i n g  t h e  two p a r t s  of  t h e  s p e c t r u m  t o  o v e r l a p .  P o t e n t i a l  d i f f e r e n c e s  
down to  4 .5  V were  enough to  s e v e r l y  p e r t u r b  t h e  m easu red  s p e c t r u m .  
R e v e r s i n g  t h e  p o l a r i t y  of  t h e  p o t e n t i a l  had a  s i m i l a r  marked  e f f e c t .
A l l  e x p e r i m e n t a l  r e s u l t s  were c o l l e c t e d  w i t h  no e l e c t r o n  s u p p r e s s i o n .
5 .2 3  A ngu la r  dependence
The r e l a t i o n s h i p  be tw een  t h e  i n c i d e n t  ( I )  and em e rgen t  (D) 
beams and th e  t a r g e t  no rm a l  (n) i s  shown i n  f i g u r e  5 . 5 .  The a n g l e  
o f  r o t a t i o n  (0) o f  t h e  t a r g e t  i s  a b o u t  an a x i s  c o i n c i d e n t  w i t h  t h e  
beam I .  The t a r g e t  was mounted so t h a t  a s  n e a r l y  as  p o s s i b l e  t h e  
s c a l e  m ark ing  from which  0 was r e a d  was s e t  a t  t h e  0°  o r  90° p o s i t i o n  
when I ,  n and D were  c o p l a n a r .  The v e c t o r  n which  i s  t h e  p r o j e c t i o n  o f  
t h e  s u r f a c e  no rm al  v e c t o r  n on t h e  p l a n e  c o n t a i n i n g  D and t h e  no rm a l  
t o  be  beam I  ( c a l l e d  t h e  a z i m u t h a l  p l a n e )  i s  n om ina te d  t h e  p r o j e c t e d  
n o r m a l .  I ,  n and n a r e  c o p l a n a r  f o r  a l l  0.  The a n g l e  0 t h u s  
becomes a m easu re  of  t h e  a n g l e  b e tw een  t h e  p r o j e c t e d  n o r m a l  and t h e  
d e t e c t e d  beam. The a n g l e ,  y ,  be tw een  t h e  n o r m a l  t o  t h e  t a r g e t  
s u r f a c e  (which  i s  i n c l i n e d  t o  t h e  i n c i d e n t  beam a t  a n g l e  a )  and t h e  
d e t e c t e d  beam i s  r e l a t e d  t o  0 by
cos y = cos a  cos 0 ,  and h e n c e  f o r  f i x e d  a ,  
cos  y cc cos 0.
T h i s  has  t h e  c o n v e n i e n t  i n t e r - r e l a t i o n  t h a t  i f  an e f f e c t  w ere  due to  
t h e  c o s i n e  o f  t h e  a n g l e  o f  e m i s s i o n  r e l a t i v e  t o  t h e  no rm a l  t h e n  i t  
would f o r  f i x e d  a ,  b e  a l s o  l i n e a r  w i t h  cos  0.
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When a copper target was bombarded by argon ions of 
constant energy and the energy spectrum of Cu**" measured for a 
selection of values of the angle 0 the essential shape of each curve 
did not vary much from the others. That is the area of the curve is 
oC peak height. If the area under any spectral curve were taken as 
representing the ion yield in that direction then a good measure of 
the yield as a function of angle of emission could be obtained by 
setting the energy analyser to the energy correspond to peak height 
and performing an angular scan. Figure 5.6 is a polar plot of the 
peak height of the energy spectrum as a function of 0. Included in 
the same figure is a plot of cos 0. It is apparent that the 
differential yield under these conditions is very close to a cosine 
distribution, and also therefore dependent upon the cosine of the 
angle (y) between the target surface normal and the measured direction. 
Hence the ion emission for this geometry is very similar to that of 
the neutral and ionic emission under normal incidence conditions. The 
use of incident and emergent beams at right angles produced very little 
effect on the angular distribution of the ions. Similar conclusions 
can be drawn for copper targets cut to make angles of 35 and 55 degrees 
to the incident beam. A more precise measure of the yield, given by 
measuring the area under each energy curve with a planimeter resulted 
in a slightly closer approach to the cosine form.
5.24 Logarithmic energy display
When the information shown in the linear plots, such as 
figure 5.4 are redrawn on log/log paper (as was done by Jurela and 
Perovic, 1968) several additional characteristics become apparent.
The slight changes of slope detectable in the linear graphs become
Fig. 5.6
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quite well defined cusps in this cilternative presentation. This was 
first reported for a variety of other polycrystalline metals by 
Jurela and Perovic who were unable to offer any satisfactory explanation. 
The results, representative of a number of copper polycrystalline 
targets is shown in figure 5.7 in which curve A is that of a well 
etched copper rod which under 70 magnification was seen to be composed 
of a number of crystallites some of which appeared to have similar 
orientations, curve B was from a rod which under similar viewing 
conditions to A showed little crystalline structure, and curve C is 
that of the specimen of A but rotated 15° about the incident beam 
direction. From these it follows that the position and intensity of 
the cusps are a function of the particular target and its orientation 
rather than a characteristic of the material of the target. The 
rotation of 15° between curves A and C is particularly revealing.
(The relative heights have been chosen for ease of display.) Not 
only are the intensities of the cusps much less pronounced in the 
latter but also they appear at slightly different energies. It is 
suggested that the cusps arise because the specimens are polycrystalline 
and are in fact produced by the preferred ejection associated with 
the crystallites. If there is any degree of preferred orientation 
(such as the etch pattern indicates) then the anisotropy reported later 
for mono-crystalline targets will be superimposed in that of the 
"random" contribution. In particular the very marked changes in slope 
shown in the results of Adylov et al (1970) for molybdendum targets, 
and not observed to the same extent from targets of the same element 
in this work, are probably due to the extensive effective annealing and 
consequent grain growth associated with the high temperature cycling
Fig. 5.7
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used to clean the surface. Veksler’s (1970) explanation in terms of 
"energies above which one cannot have escape of sputtered particles 
corresponding to some type of secondary displaced atom", does not appear 
to be in concert with curves A and C of figure 5. It would be desirable 
to manufacture a series of targets with crystallites varying in size 
and orientation and to observe the position at which cusps appear and 
their intensities.
The second feature which is present in all Jurela and
Perovic’s curves and in those performed here for polycrystalline
copper was that at the higher energies the spectra were of the 
— O Lgeneral form of E with 1.25 < a < 1.5, with a = 1.3 about the most 
common value. This is very similar to the form of the energy 
spectrum which Farmery and Thompson (1968) found for the neutral 
component of sputtered copper and gold {in these cases N(E) E 2}.
It is interesting that the deviation from E 1,5 shown by various 
target specimens is similar to the range of deviations from the 
E form for the neutrals. The fact that the ions and neutrals have 
energy spectral dependencies which are similar lends support to the 
suggestions that the ion and neutral emissions in sputtering can be 
closely related. In all these results the target was subjected to 
prolonged bombardment (- 60 min) before readings were taken. This 
assured that while the surface no doubt would be severely damaged, 
it would have reached dynamic equilibrium. The evidence however is in 
favour of the ions being characteristic of the material and its 
structure and therefore only slightly affected by surface properties.
It seems difficult to escape from the suggestion that the E 2 factor 
between the ion and neutral atom spectra is related to the probability
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of ion formation and/or escape from the target and that further 
investigation of the ion spectra could give useful information about 
the neutrals.
For one target the mass resolution was increased to the 
extent of allowing the separation between the Cu g 3 and Cu6 5 isotopes. 
The energy spectra were essentially the same, the cusps occurred at the 
same position and were of similar intensity. The yields of each ion 
throughout the energy range was within 2% of the isotopic abundance 
(69% and 31% respectively).
5,25 Effect of incident ion energy
A series of linear energy curves was traced out on the 
X-Y plotter for a range of incident argon ion energies. The variation 
in energy arose from using different extraction potentials on the ion 
source. This resulted in a sharp decrease in beam current with energy. 
A preliminary set of measurements had been taken at fixed energy 
(10 keV) and varying bombarding currents, obtained by defocusing the 
incident beam. For total currents within the range from 5 to 50 jiA 
the ion yield was approximately linear with current. The spread in 
the individual readings at the high currents was confined to less 
than 5% of the value, but more erratic operation was obtained 
(- 20% variation) at the lowest current. The departure from linearity 
was of the same order as the changes associated with the individual 
current. Throughout this range the ratio of actual ion current (with 
secondary electron suppression) to measured total current remained 
substantially constant. However at lower currents which were 
approaching the limit of the measuring instrument the proportion of 
secondary electron current was subject to some variation. This was
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p a r t i c u l a r l y  so f o r  t h e  low e n e rg y  ( -  500 eV) i n c i d e n t  i o n s .  Because  
o f  t h i s  t h e  r e l a t i o n s h i p  be tw een  i o n  y i e l d  and bombard ing  e n e rg y  
shown i n  f i g u r e  5 . 8  c o u ld  be  i n  s i g n i f i c a n t  e r r o r  be low to  2 keV.
The t r e n d ,  t h a t  o f  a s t e a d y  i n c r e a s e  i n  y i e l d  w i t h  bombarding  en e rg y  
r e a c h i n g  a peak  a t  4 keV t h e n  t a i l i n g  o f f  i n i t i a l l y  r a p i d l y  t hen  
much more s lo w ly  i s  p r o b a b l y  c o r r e c t .  The a c t u a l  r a t e s  o f  i n c r e a s e  
and d e c r e a s e  and t h e  p o s i t i o n  o f  t h e  maximum though  a r e  u n c e r t a i n .  
T h i s  d i f f e r e n t i a l  i o n  y i e l d  c u rv e  w h i l e  h a v in g  some t h i n g s  i n  common 
w i t h  t h a t  o f  t h e  t r u e  n e u t r a l  y i e l d  ( f i g u r e  1 .1 )  does  show an 
a p p r e c i a b l y  h i g h e r  and more p ronounced  peak .
5 . 3  O th e r  m a t e r i a l s
The i o n  e m i s s i o n  e n e rg y  s p e c t r a  f o r  a  number o f  p o l y ­
c r y s t a l l i n e  t a r g e t s  were m e a s u re d .  C h a r a c t e r i s t i c  o f  t h e s e  i s  t h a t
o f  molybendum shown as  c u rv e  D of  f i g u r e  5 .7  which  c o r r e s p o n d s  to  
“ f *  *4“
e j e c t i o n  of  Mq i o n s  by 10 keV A i n  t h e  d i r e c t i o n  o f  t h e  p r o j e c t e d  
n o r m a l ,  f rom which  t h e  o v e r a l l  s i m i l a r i t y  t o  t h a t  o f  c oppe r  and 
t h e  r e s u l t s  of  J u r e l a  and P e r o v i c  i s  a p p a r e n t .  The c usps  i n  t h e  
p a r t i c u l a r  spec im en  of  a lumin ium used  were  more p ronounced  th a n  t h o s e  
o f  J u r e l a  and P e r o v i c ,  b u t  a p a r t  f rom t h i s  (and t h e  v e r y  low e n e rg y  
r e g i o n )  t h e y  were  i n  e s s e n t i a l  a g r e e m e n t .  I o n s  s p u t t e r e d  from b r a s s  
were  s i m i l a r  i n  e n e rg y  d i s t r i b u t i o n  t o  t h a t  f rom coppe r  spec im ens  
e x c e p t  t h a t  f o r  t h e  t a r g e t  u s e d  no o b v io u s  cusp  s t r u c t u r e  was 
o b s e r v e d .  No m easu rem en ts  were made w i t h  t h e  mass r e s o l u t i o n  h i g h  
enough t o  s e p a r a t e  t h e  Zn6 4 f rom t h e  Cu g 3 and Cugs i o n s .
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5.4 Copper single crystals
The method of orientation of the crystal ensured that 
observations were being made near the direction of maximum ejection.
It seems unlikely that the peak ejection direction of the sputtered 
deposits differed much from the principal crystallographic directions. 
For although the precise position of the maximum density was not 
determined by measuring with an optical densitometer, the photographic 
enlargement permitted quite adequate assessment of the peak in relation 
to the collimator slit. The maximum of the ion emission was also 
closely related to the position of the spot and hence the main crystal 
directions. That is the process of bombarding at right angles to the 
direction of observation does not greatly affect the direction of 
maximum emission.
The apparatus had been manufactured so that the axis of 
rotation of the crystal was at all times parallel to the ion beam.
In fact the last aperture of the collimating system formed part of, 
and was precisely centred on, the crystal mount. The target beam 
current varied by less than 1% for a 180° rotation of the crystal 
once the ion source had been positioned laterally for maximum 
target current. This was taken as evidence of the accuracy of 
alignment. Consequently the variations in ejection with angle of 
rotation of the target were characteristic of the crystal ejection 
mechanisms and not in any way due to changes of the angle of 
incidence of the ion beam.
Two principal orientations of the crystal were used. In 
the first the beam was effectively incident along the <001> 
direction and the centre of the measured beam (the projected normal)
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corresponded to a <110> direction, flanked by <100> and <01.0> directions. 
The overall alignment error was slight, but noticeable mainly as a 
minor rotation about the emergent <110> axis. This is apparent from 
the asymmetry of the measured angular distributions. In the second 
form the crystal was rotated so that a <211> direction corresponded 
to the central direction through the collimator slit with a pair of 
<110> type directions on each side. The incident beam direction was 
then <111> .
The energy spectral relationship did not differ between these 
two orientations, indicating that the ion ejection spectrum was not 
strongly dependent upon the direction of incidence of the primary 
beam.
Figure 5.9 comprises a series of angular scans of particles 
of differing energies. The very high yield in the <110> for low 
energies is quite apparent. In fact this type of representation 
illustrates well the preponderance of low energy ions in this particular 
direction. When the selected energy is increased to 175 eV the yield 
becomes almost constant throughout the total angular scan. At an 
intermediate energy 75 eV) the yield in the <110> has fallen to 
that of the value intermediate between <110> and <100> and at 
higher energies the ejection in the <100> direction exceeds that of 
the <110>. Apart from the more obvious departures along the main 
directions the shape of the energy distribution at high energy is not 
a cosine function of angle. The distribution is almost constant from 
± 55° of the projected normal. This contrasts with that of poly-- 
crystalline materials for which a cosine function fits well at 
virtually every energy. The shape of the two <100> peaks indicates 
the degree of misalignment of the target.
149 -
Another noticeable feature of the curves is the manner 
in which the separation between the two <100> peak changes with energy. 
At low energies (25 eV) these peaks are appreciably closer together 
(- 80°) than the 90° expected for these directions. The angle becomes 
85° and 90° at 50 and 75 eV respectively. This could be taken to 
imply that the low energy ions are emitted more closely to the normal 
than the higher energy ones. This is in contrast to the suggestion of 
low energy atoms (and probably the ions) undergoing refraction on 
emerging from the surface. However the positions of the <100> peaks 
at these low energies are no doubt influenced by the much larger 
<110> peak. In effect the central peak could be contributing 
substantially to the two outriders and giving a false impression 
of their position.
Also of interest are the subsidiary irregularities which 
occur on the trace. The small peak situated at the 115° position 
on the 25 eV curve persisted for the whole period of the experiment 
and was still evident after all the energy spectra curves were 
completed. It corresponds approximately to a <210> direction.
A series of energy spectra plots for the specific direction 
of ejection (corresponding to <110> and <100> , and a "random" or 
non low index direction) were taken and those corresponding to 
100° and 130° are shownand appear as lines A and B respectively on 
figure 5.10 with 100° and 140° forming curves A and B respectively 
on figure 5.11. Apart from a difference in maximum value the two 
spectra from the two <100> directions (angular positions 50° and 140°) 
were essentially the same.
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The spectrum from the random direction (figure 5.1 OB) 
resembles that from a polycrystalline specimen except that the 
slope of the log/log plot tends to be slightly more steep, 
corresponding more nearly to an E 1 * 5 relationship, and the curve 
does not exhibit any obvious cusps. The selection of the random 
direction was not critical on condition that it was well removed 
from the principal directions. If for example any angle corresponding 
to a point on the valley regions or the skirts of the <100> peaks 
of the 25 eV curve is taken the spectrum has the same shape as the 
one shown, the difference is a fixed scaling constant, except at 
the very extremes of the trace.
The energy spectrum of the <110> direction (figure 5.10A) 
shows both marked similarities and marked differences to the 
random one. It has a much greater low energy component (as well as 
a higher overall yield) and a concomitant lower mean energy per ion. 
However in the higher energy regime the curves coincide. Or 
alternatively on a log/log relationship they both have a common 
ultimate slope. If the random spectrum considered is one well 
removed from the main peak and in the region where the random yield 
is appreciably less than at other points then by multiplying by a 
suitable scaling factor the two curves can be made to coincide at 
the high energy region. The curves diverge at a well defined 
energy irrespective of which random curve is used. If this diverging 
(or merging) point is taken as an upper limit of the energy associated 
with the particular type of collision event which is producing the 
increased number of low energy ions then it has much in common 
with the focusing energy of a focused collision sequence. If the
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difference between the <110> curve and the random direction is 
plotted as a log log function then it does have some similarity to 
that of the focusing component shown in figure 3.5a. This however 
may be coincidental because the very fact that the original curves 
ran into one another implies that the difference between them will 
be zero at some point and a logarithmic plot in this vicinity will 
rapidly asymptote to the merging energy.
For the <110 >copper ion spectrum from both orientations of 
crystal the merging energy was 56 ± 2 eV. This compares very 
favourably with the value of 50 ± 10 eV for the focusing energy for 
the <110> direction of copper measured by Farmery and Thompson (1968) 
If the total number of ions sputtered in the various directions is 
determined, that of the random contribution subtracted from that of 
the <110> direction, the remaining emission has a FWHM value of 
25°, which is slightly greater than the equivalent spot size for the 
neutrals.
Because the difference between these two ion curves falls 
to zero at low energies then in this region the difference is not 
representative of the focused component of the neutral spectrum. 
Indeed until more is known about the origin of the ions and their 
probability of escaping from the surface having once been formed 
then it is not of much value to draw to close an analogy between 
the neutral and ion distributions at low energy.
If now a similar comparison is made between the random 
and <100> spectra (or as shown in figure 5.11 between the <110> 
and <100> spectra) it is observed that these also coincide at high 
energy. The junction energy in this case is 200 ± 20 eV and 
is substantially higher than for the <110> and random contribution.
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Again if the component by which the <100> ejection exceeds that for 
the random direction is taken as implying a different mechanism which 
is energy dependent, then associated with <100> direction as a 
characteristic energy of 200 eV, which while lower than the assisted 
focusing energy of 300 eV measured by Farmery and Thompson for this 
direction in copper is nevertheless of similar order.
It seems therefore to be a characteristic cut-off energy 
effect for the mechanisms which give rise to the increased ion 
emission in the <110> and <100> directions. That these energies are 
similar to the focusing energies determined from the neutral spectrum 
is probably not coincidental and tends to add support that for copper 
at least focusing mechanisms are relevant in ejection.
The fact that the two incident directions <100> and <111> 
produce very similar spectra indicates that the direction of 
incidence, while it does affect the total yield, plays only a 
minor role in determining the energy spectrum of the sputtered 
material. That is these spectra appear to be more characteristic 
of the processes leading to emission rather than say the basic 
slowing down processes of the incident and primary ions.
The effect of the ion binding energy has not been considered 
in this discussion. The significance of this energy and particularly 
its relationship to any focusing process has not been investigated 
theoretically.
The results of Bukhanov et al (1970) show a generally 
similar variation of ion yield with angle of ejection for <110> 
directions of copper. Their energy spectra appear to be of
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approximately similar form. However they do not report the merging 
of the spectra at specific energies for the different emission 
angles, and consequently have not been able to relate their 
measurements to focusing energies.
5.5 Molecular ions
There have been some reports of the detection of multiply
charged target ions during sputtering and also of the presence of
molecular ions. Jurela and Perovic (1968) give the proportion of
these ions as a percentage of the singly charged ions, for several
ionic and target species. In this investigation energy spectra and
some angular distributions of Cu2+ and Cu3+ ions from mono- and
poly-crystalline copper have been measured, as well as molecular
ions originating from germanium targets. These latter results are
considered with the other measurements using germanium specimens.
The yields of the molecular copper ions relative to that of the
principal ion can only be estimated because of the change in mass
spectrometer sensitivity with mass number. However it is considered
that the trass sensitivity within a given mass scale did not change
umore rapidly than (mass) 2, for a given radial energy and that 
separate scales could be calibrated by observing an ion which was 
common to both scales. This allows an upper limit of 5% of the 
total ion current to be contributed by copper molecular ions. If 
the same proportion of neutral molecules exists in the total neutral 
beam then they do not constitute a sufficiently large number to 
materially affect the time of flight spectral data of Farmery and 
Thompson (1968). That is^it is most unlikely that the excess in long 
flight time particles in some directions of ejection is due to molecules 
rather than focused collision products.
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Figure 5.12a and b are typical energy spectra of the 
Cu2 and Cu3 from a polycrystalline sample. The spectra are 
significantly different in shape to that of the atomic ion and most 
probably do not extend into the high energy region to anywhere near 
the same extent. The peak height of the mass 190 component was 
approximately one third that of the mass 130.
Similar experiments were conducted with single crystal 
targets in that the energy spectrum at specific crystallographic 
directions was measured. The Cu2 ion yield in the <100> direction 
for the target described earlier was not significantly different to 
that corresponding to a direction mid way between <100> and <110>; 
a high index or random direction. The peak of the spectrum in the 
<110> direction was approximately double that of the <100> and in 
addition the particles extended to higher energies. In the <100> 
case the ion signal was not detectable above the noise level beyond 
40 eV whereas the mean deviation of the <110> signal exceeded the 
noise level up to about 80 eV. This is in contrast to the 
atomic ion results in that the higher energy component in this region 
was associated with <100> direction. The ionisation mechanism for 
molecular ions is not known and no theoretical predictions of their 
yield are known. No measurements have been reported on the yield and 
energy distributions of the neutral molecules to allow comparisons 
to be made.
The implications of the increased molecular ion yield 
in the same direction as the atomic ion and atom yield are not clear. 
If the majority of the total particles in the <110> direction are 
ejected by a focusing mechanism it is not self evident that a similar 
increased yield of molecules would be expected.
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In order to have sufficient sensitivity and stability it 
was necessary to operate the apparatus in a low mass resolution mode. 
This meant that singly and doubly charged argon ions would mask, 
or at best, interfere with the measurements of any multiply charged
4 j-
copper ions. Consequently no attempt was made to look for Cu 
and similar ions.
5.6 Gold single crystal
While the experimental results for the ion emission from 
copper single crystal targets presents a satisfying and consistent 
picture, similar results for a gold target are disappointing. The 
angular scans at fixed energy are shown in figure 5.13. The crystal 
in this case was oriented in a similar way to that of one of the 
copper specimens with the beam incident along a <111> direction and 
the projected normal direction that of <211> with the ejection 
pattern <110> spots on each side of the centre. Curves ABCE and D 
correspond to energies of 20, 35, 70, 115 and 165 eV respectively.
One noticeable characteristic of the results was the 
greatly reduced yield of ions compared co that of copper. At least 
an additional factor of ten more amplification was required for 
equivalent recorded values. This was consistent with the relative 
ion yields reported by Jurela (1970). The recorded peak to peak 
noise level was about one half the signal level for curve D 
(= 165 eV). Even with this poor signal to noise ratio most of the 
curves were essentially reproducible.
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The ion yield was a maximum in the directions at which 
the neutrals were also a maximum. The FWHM values for the <110> 
peaks was approximately 20° which is substantially greater than that 
of the neutrals. However a notable variation in the results compared 
to that of copper was the manner in which the angular separation 
of the <110> peaks changed with energy. The low energy peaks of 
curve A were 61° apart, which is within experimental error of the 
60° expected for the (110) planes. For curve C (energy 70 eV) 
the peaks moved closer together and were separated by only 48°.
The amount of the shift at high energy was consistent for a number 
of measurements. The deviation of the peaks by such a large amount 
from the principal direction for high energy particles (rather than 
for those of lower energy) is anomolous. An explanation does not 
present itself.
The energy spectrum corresponding to the <101> direction
has the form N(E) a E 1 for E < 120 eV, becoming a E 2 ‘7 for
higher energies. For the <211> direction a log/log graph results
in a gentle curve with the two signals coinciding at or about 120 eV.
However this coincidence is largely chance because the signal
currents at these energies were approaching the noise level. With a
signal of this kind it is not justified to attempt to subtract one
result from the other to find a special energy. It is possible of
course for the <110> emission to contain almost no random component
and for the peak to be due solely to focused collisions. The less
rapid fall in energy spectrum (E 1 rather than E 1<5) would be
expected under these conditions (Thompson, 1969, p237). This would
place an estimate of the focusing energy for the <110> direction
for gold at slightly greater than the energy shown on curve E, that 
is 120 eV. This is below the 167 ± 25 eV value from the neutrals.
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5.7 Single crystal germanium
Some measurements of the energy distribution of sputtered 
Ge+ ions were taken in the direction of the projected normal from 
a single crystal which had been extensively bombarded by 10 keV 
argon ions. The assumption was made that the surface layer would 
have become essentially amorphous from such treatment. Later 
measurements on similarly bombarded single crystals however produced 
quite startling results which appear to render the assumption invalid 
Angular scans at fixed energy were taken and because of the surface 
damage a cosine or similar distribution was expected. However at 
room temperature (with the heating due to the ion beam the estimated 
target temperature would be - 70°C and certainly well below the 
radiation damage annealing temperature) the curves showed quite 
a remarkable amount of structure. For a (111) face mounted at 55° 
to the incident beam, which impacted along a <001> direction, the 
fixed ion energy scans are shown in figure 5.14. While there was 
little evidence of detail in the angular scans of the metal single 
crystals, the large variation in ion yield over quite small angular 
differences is most pronounced for these curves. The highest peak 
corresponded closely to a <011> direction, with subsidiary peaks 
separated from it by angles of 7, 12.5, 19, 27, 29, 35 and 44°.
These are similar angles to those made with the <011> direction by 
planes (054), (023), (012), (013), (014), (015) and (010) respectively 
The deviation from symmetry in the pattern is ascribed to a slight 
misalignment of the crystal. The well defined series of minima occur 
in the vicinity of the <023> direction. Th£: significance of this 
very low yield direction is not* known.
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Extensive tests were conducted to ensure that these apparent 
variations in yield were not instrumental. The most conclusive was 
the replacement of the germanium specimen by a stainless steel block 
and observing the regular cosine distribution of the mass 55 ions. A 
further germanium specimen, a (100) face set at 45° to the incident 
beam and aligned similar to the preceeding target with a <011> 
direction as the projected normal was irradiated at room temperature 
and gave a pattern which was very similar to that of 5.14, only that 
some of the maxima tended to coalesce to produce broader peaks and 
valleys. Figure 5.15a is a fixed energy (21 eV) graph with two 
traces superimposed. These comprised runs under similar conditions 
but separated in time by 60 minutes. The reproducibility was 
considered adequate.
The target temperature was then increased to >400°C, which 
was above the temperature at which the ejection patterns showed some 
order (MacDonald, 1970b), and similar angle/yield relationships 
investigated. Figure 5,15a and b are curves at 21 eV and 16 eV from 
room temperature and 400°C respectively. The differences while 
minimal are probably as much due to the difference in energy as to the 
temperature. There is no evidence of any great change in the 
degree of order of the specimen.
In a similar way the energy spectra of the ions did not 
depend much on either the direction of ejection from the target nor 
its temperature. The energy distribution appeared to be a remarkable 
insensitive property.
< N  O
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As well as the yield of Ge ions as a function of angle 
at selected energies, the yields of the molecular ion Ge2+ and 
the amount of scattered A from the target of figure 5.16 were
recorded and as shown as figures 5.16a and b respectively. The
“4“ "I"similarity between the yield of Ge2 and Ge is apparent in that
the maxima and minima tend to occur in the same direction. The
+ +relative yield of Ge.2 to that of Ge was about three times higher 
than in the case of copper, amounting to approximately 15%. The 
relationship between the two types of energy spectra also was maintained, 
viz many atomic ions had energy in excess of say 100 eV, while very 
few of the molecular ions had energy in excess of 50 eV.
The pattern associated with the scattered argon is 
interesting. At the lowest measured energy 10 eV approximately equal 
quantities appear to come from the <110> and <100> directions, while 
at 22 eV the shape of the curve begins to take on characteristics 
much like the sputtered target ions. Unfortunately equivalent curves 
were not recorded for the copper and gold mono-crystalline targets.
A reasonable interpretation of these results for germanium 
is not yet available. They seem to imply that the assumption of severe 
radiation damage to the surface from incident particles of this 
energy has relatively little effect on the ion emission.
5.8 Neutral particles
One of the aims of the project was to investigate the 
extension of the ion detection apparatus to the measurement of the 
characteristics of the neutral particles. The use of the Weiss (1961) 
ioniser with a control grid to regulate the anode current and an
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additional retarding field electrode between the spherical analyser 
and the mass filter to suppress the low energy ions produced from 
the ambient gas has been described in the previous chapter.
From a polycrystalline copper target four types of energy
scan were found to be necessary. Representative of these are the
curves of figure 5.17a. Line A is the measured current as a function
of energy for the ioniser alone operating and represents the contribution
from the ambient gas in the chamber; B is the ion current with the
ioniser on and the bombardment running while C is the ion current with
the ioniser not operating but with the incident beam. Curve D was a
measure of the leakage current with both beam and ioniser switched off.
It is apparent that even with the quite extensive shielding employed
the leakage of stray ions into the mass spectrometer was a major
contribution to the total ion current at high energies and hence a
limitation to the accuracy of measurements in this region. A series
of traces A to D were run sequentially and the incident ion beam
current recorded. After correcting each curve for the beam current
variations two methods of analysis were used. In the first case the
mean curves of each of the types of scan A to D were determined and
the wanted current taken to be i = (B - A - C + D) for each valuen
of energy. Alternatively the difference (B - A - C + D) was 
determined for each energy for every run, then a mean curve of these 
values drawn. Both methods gave essentially the same result.
One of the main purposes of these preliminary experiments was 
to see what modification to the spectrum of the neutral particles was 
made by the ioniser in producing and expelling the ions. There was 
of course the straightforward correction of a factor of E 2 to
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compensate for the varying time a particle of a given energy stayed 
within the electron beam. But for low energy particles in particular 
the ion density could be greatly modified by interaction with the 
electric field once they were formed. To partly compensate for this 
second deficiency the ioniser was operated with the potentials on 
each end plate (i.e. the inlet and exit aperture plates) adjusted so 
that they collected almost no electron current from the ioniser.
The collected current rose rapidly after a certain potential and the 
zero current value was considered to make them at or near the space 
charge potential minimum in the anode region with therefore very 
little electric field strength along the ioniser. Reversing the 
2.5 V power supply to the filament was sufficient to cause a change 
in the current collected by the plates. This filament induced 
potential gradient was used to act as a small but positive extraction 
field. Curve A, the energy spectrum produced by the ambient argon 
gas was considered representative of the variation introduced by 
the ioniser field. Because of the (at least) 2.5 V gradient along 
the ioniser if there were no other interactions the emergent ions 
would be expected to have energies from 0 to 2.5 eV. The assumption 
was then made that all neutrals irrespective of their initial energy 
would be perturbed the same amount and therefore the curve A was 
taken as the instrumental function for the Fourier transform method 
of deconvoluting the results.
If the true energy spectrum is T(E) the spectrum measured
«*
by a system with instrument function A(E^- E) is F(E^) with E" and E
the measured and true energy respectively such that✓
CO
F(E') = T(E) k(FT - E) dE.
3N(E)
Energy  eV
F i g .  5 . 1 7 a
3Energy  eV
F ig .  5 .17b
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This can be written
F(E') = T (E) * A(E" - E)
where * means convoluted by and the measured spectrum i.e. F(E^) is the. 
convolution of the true, required, spectrum, produced by the 
measurement apparatus. If S ,(f) is the Fourier transform of F(E^), 
given by
OD
SF(f) = exp (- i 2lTf E')dE',
and S^ ,(f) and S^(f) the transforms of the wanted, but unknown function
T(E), and the instrument function respectively, then these transforms
are related, S^(f) = S (f). S^(f) (Bracewell, 1965) or alternatively,
for purposes of deconvolution, ST (f) = Sp(f)/S (f). That is if the
instrument function is known or can be measured and the transform of
this and the measured results calculated, then a division of these
point by point produces the Fourier transform of the true energy
spectrum. Taking the inverse Fourier transform of the quotient
results in T(E). If the deconvolution is performed digitally a
discrete finite transform (DFT) must be used. The total energy
band E^ is divided into N discrete intervals each of AE. This
limits the maximum value of f to f = — , and the resolution tomax 2AE
Af = 1/E^. The DFT becomes
1 N_1ST (mAf) = —  I T(nAE) exp (-i mn) ,
' n=0 .
and the inverse transform is
N-l
T(nAE) = £ S (mAf) exp (i nm).
m=0
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The large amount of computing time previously required for these 
calculations is no longer necessary due to the development of fast 
Fourier transform based upon the algorithm of Cooley and Tukey (1965).
The experimental values of these results were first 
subjected to several stages of smoothing using the SMOOTH subroutine 
developed by Dr G. Yanow for the IBM 360/50, to remove any spurious 
high frequency components, then the DECONVOLUTE program developed by 
Mr P. Logan was used. The resultant energy spectrum was then modified 
by the E 2 factor for the time correction. The final spectrum appears 
as curve H on figure 5.17b. Also shown are the energy spectra for 
polycrystalline copper due to Farmery and Thompson (1968), F, 
and that of Stuart and Wehner (1964) , G.
Several characteristics are apparent. Firstly the maximum 
measured energy does not extend far enough to observe in the focusing 
energy region. Secondly the ionisation characteristics of argon are 
sufficiently different from that of copper that an instrument function 
based upon say copper vapour would be more appropriate. This could 
well have a significant effect on the energy region below 8 eV where 
the deviation from the measurement of Farmery and Thompson indicates 
gross errors. It is in this area of the spectrum that the ion 
spectrum would be expected to depart most from that of the neutrals 
and where as a consequence the instrument function becomes most 
important. It is doubtful whether the instrument function developed 
from these low^atoms is really applicable in the high energy region 
also. A preferable approach after having extended the measurements 
to say 500 eV would be to use the Farmery and Thompson polycrystalline 
spectrum to develop an ’ instrument function then to measure the 
emission in the <110> and <100> directions for copper and gold and 
determine if similar deviations occur.
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The measurements however do show that the sputtered 
neutrals can be detected with quite acceptable energy and angular 
resolution. With the modifications suggested in the following 
chapter it is anticipated that reliable measurements can be made 
both into the low and the high energy regions.
CHAPTER 6
CONCLUSION
The three aims of the project stated in the first 
chapter have been achieved in essence. A novel energy - mass analysis 
system with high angular resolution, together with the ancillary 
mechanical and electrical equipment was designed and manufactured.
This was applied to the measurement of the angular and energy 
distributions of ions sputtered from mono- and poly-crystalline 
targets in directions at right angles to the incident beam. For 
polycrystalline targets a near cosine distribution of ions was established 
for this geometry. The energy spectrum for most of these specimens in 
the high energy regime was a function of E n with 1.2 < n< 1.5. That 
the spectrum of the neutrals is of the same form with n - 2 is probably 
not coincidental. The previously reported cusp structure in the 
logarithmic energy curves was verified and shown to depend upon the 
substructure of the target. For ions at least the behaviour of 
polycrystalline amorphous targets are not identical. The near-head-on 
collision model which claimed to account for the formation of spot 
patterns in sputtered deposits from single crystals was examined in 
detail and the contribution of the atoms in the pen-ultimate 
surface layer investigated. It was concluded that within the ambit of 
the original theory these other atoms could not be neglected for in 
some instances they formed a major portion of the ejected material. The 
ions associated with the <110> and <100> spots of copper single 
crystals were studied in terms of their spacial and energy distribution.
By comparison with the ions emitted in the non low Miller index 
directions some energy dependent processes apply to the ions from the
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<110> and <100> directions. A characteristic energy of 56 ± 2 eV and 
200 ± 20 eV can be associated with each of these two directions. These 
energies compare favourably with the simple and assisted focusing 
values of 50 ± 10 eV and 300 ± 50 eV for copper measured for the 
neutral sputtered particles by Farmery and Thompson (1968). This 
suggests that the second aim, viz the elucidation of the behaviour 
of the neutral particles by measurements of the ions has in part 
been fulfilled. For gold targets the apparatus was not sensitive 
enough to allow similar conclusions to be drawn, while for germanium 
the angular distributions of the sputtered atomic and molecular ions 
and the scattered argon ions exhibited so many details that adequate 
interpretation of them will depend on further experimental investigations.
Several experiments need to be done to clarify the results 
and interpretations presented here. A detailed examination of the 
shape of the angular distribution of the ions from copper and other 
fee crystals over a wide temperature range should be undertaken to 
see if it is consistent with the thermal defocusing predictions. By 
using a "chemically active" gas as a source of bombarding ions 
(e.g. oxygen, chlorine) or by performing the experiments in an 
atmosphere of such gases Andersen (1969), was able to produce a 
much higher ion yield. Measurements of the distributions of the 
sputtered ions under such conditions would lead to an effective 
increase in sensitivity and also shed some light on the ionisation 
process.
The question of ion formation and escape from metallic 
(and non-metallic) surfaces needs to be considered from a theoretical 
standpoint with particular emphasis on what processes are taking place
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and the evaluation of parameters such as the binding energy associated 
with ion as distinct from neutral atom ejection. The role played by 
atoms excited in the solid, and indeed any ions produced within the 
solid should be investigated. Table 1.1, based upon the assumption
hthat inelastic energy loss varies as E even down to quite low 
energies shows that significant amounts of energy are lost to the 
solid by such processes within the energy range occupied by the 
sputtered and sputtering particles. When it is appreciated that a 
10 eV copper atom moves at a speed equivalent to travelling one 
lattice distance in -10 13s then the possibility exists for any 
ion generated in the solid near the surface escaping without 
neutralisation.
There are a variety of ways open to extend the range of 
measured energy for the neutral particles. The ion source region needs 
to be differentially pumped to reduce the gas pressure in the ioniser. 
Both the incident beam and the ioniser current can be pulsed and the 
resultant signal synchronously detected. A pulse counting technique 
as an alternative to the electrometer would allow measurements at 
very low particle flux and permit the differencing operations to be 
performed in a multichannel scaler. The increased integration time 
and the ability to rapidly cycle many times through the energy 
spectrum would largely eliminate the worst features of beam current 
variation and the like.
The incident particle beam should be e/m analysed (which 
would allow measurements with multiply charged and molecular ions) 
and available with energy covering the whole of the intermediate 
range from 1 to 100 keV.
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An attempt to detect the neutral molecular emission, 
on which no work has yet been reported, should be made wTith the 
electron bombardment ioniser.
In addition a detailed study of forward sputtering could 
throw a great deal of light on the whole subject.
Since completing the work reported here a laboratory has 
been established in which most of the changes suggested for the 
backward sputtering experiments have been incorporated and the 
alternative experiments begun.
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